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ABSTRACT
Chlorinated polyethylene-g-styrene copolymers have 
been synthesized by chemical and radiation initiation methods. 
With the use of a pre-initiation technique, graft efficiency 
as high as 0.84 has been achieved from the chemical-initiated 
graft copolymerization. The chemical-initiated grafting 
was found to be significantly affected by the degree of swelling, 
initiation time and temperature, and concentration of initia­
tor and monomer. High initiation temperatures or long initia­
tion times may result in crosslinking in the CPE films. The 
radiation-induced grafting was carried out using a mutual- 
irradiation method and graft efficiency was found to be around
0.40. No cross linking was observed with the dose level used 
in this study.
The graft products were purified by solvent extraction 
followed by selective precipitation to remove the styrene 
homopolymer and unreacted chlorinated polyethylene.
Solubility behavior of CPE and polystyrene in various solvents 
was studied and the solubility parameter was estimated from 
the solubility result. The compositions of the separated 
fractions were determined by infrared spectroscopy (IR) so
IV
that the degree of grafting and graft efficiency dould be 
evaluated.
The graft copolymers and CPE were characterized by 
IR and laser-Raman spectroscopy, differential scanning calori­
metry and dilute solution viscosity measurement.
The graft copolymers were melt blended with incompatible 
polyblends such as polyvinyl chloride-polystyrene blend and 
low density polyethylene-polyvinyl chloride-polystyrene blend 
in an attempt to improve the interface adhesion between in­
compatible phases. Evidences of interaction between the 
graft copolymer and the homopolymers were obtained from photo­
micrographs and dynamic mechanical results of the graft modi­
fied polyblends. Impact strength of the polyvinyl chloride- 
polystyrene blend increased by 48 to 75%, with the addition 
of CPE-g-styrene copolymers. The fact the addition of the 
graft copolymer reduced the domain size substantially indi­
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Despite the fact that most commercial polymers at this 
time are homopolymers, applications that demand combination of 
properties not attainable with simple homopolymers are being 
developed to a continually increasing degree. In an effort 
to satisfy this need, a lot of work has been done on utilizing 
combinations of existing polymers as blends or copolymers. 
Synthesis of graft copolymers is one such way to develop new 
material with predicted and desired properties by utilizing 
combination of existing polymers. Most graft copolymers are 
characteristic in their facility for blending with their parent 
homopolymers. This feature of graft copolymers has broadened 
their application to include being employed as "compatibiliz- 
ing agents" in incompatible polymer blends.
As is well known, most polymer blends are incompatible 
due to the thermodynamic restriction imposed by their large 
chain length. The incompatibility of the polymers in a blend 
leads to poor adhesion between phases which implies poor mecha­
nical properties. Techniques for modification of those incom­
patible blends has drawn great attention in past decades.
This is one reason why development of graft copolymers has 
become an increasingly noticed task. A study has been done 
on utilizing graft copolymers to modify the properties of 
blends involving polyethylene, polyvinyl chloride and poly- 
styrene(l,2). In this study, a gamma-irradiation initiated 
polyethylene-g-styrene copolymer was found to be a good modi­
fier for polyethylene-polystyrene blends. However, the im­
provement was not so pronounced as to make the blend strong 
enough for construction use. The reason for this may be that 
the graft material used was not well purified which means the 
graft copolymer accounted for only a small fraction of the 
blend. In addition, no modification on PVC-containing blends 
was expected from such a graft copolymer. This result led 
to the consideration of utilizing other graft copolymers which 
will be purified to modify blends involving PE, PVC, and PS. 
This is the impetus to conduct this proposed project.
A graft copolymer involving chlorinated polyethylene 
may possess three-block like structure since the chlorinated 
polyethylene itself, as will be discussed more fully below,
2
can be manufactured in such a way that it has block-copolymer 
like structures. When blending this three-block like copoly­
mer into incompatible blends, each segment in the graft co­
polymer is expected to have high affinity toward its homo­
polymer counterpart and therefore enhance the interfacial 
adhesion among phases. This is the reason why we expect the 
CPE-g-Styrene copolymer to be a suitable modifier for blends 
involving PE, PVC, and PS.
Very few investigators have worked on the synthesis of 
this graft copolymer, and virtually no work on the character­
ization and purification has been reported in the literature 
so far. Therefore, the reaction mechanisms of the synthesis 
as well as the characterization of the graft copolymer produced 
have become significant in this study. Since the graft pro­
duct has to be purified before being fully characterized, 
great effort has also been anticipated in the development of 
a separation process for the graft product. The graft copoly­
mer has then been utilized to modify the polyethylene, poly­
vinyl chloride and polystyrene blends, with its effectiveness 
in modification investigated through mechanical testings, 
thermal analysis, and morphological study.
Ultimately, this graft material will be utilized in an 
attempt to help ease the problem of waste-plastics disposal.
As polyethylene, polyvinyl chloride and polystyrene are large­
ly used they are the plastics most prevalent in the solid
3
waste stream. It is highly desired that these plastics be 
separated from the solid waste and reused. However, even 
though the plastics could be removed from the solid waste 
without technical problem, it would be very difficult to se­
parate them into the generic forms of plastics. This diffi­
culty may be avoided if these plastics can be reused in the 
form of blends. Since blends made from polyethylene, poly­
vinyl chloride and polystyrene show very poor mechanical pro- 
perties(3), the modification using the graft copolymer devel­
oped in this work would be required. It is the hope of the 
author that the information obtained in this study will be 
helpful in the process development of this graft copolymer, 
if its engineering application is proved practical.
This work consists of three parts;
(1) preparation and characterization of the graft co­
polymer.
(2) evaluation of the effect of reaction variables on 
the graft efficiency and graft composition.
(3) study of the modification mechanism by examining 
the morphology and mechanical properties.
CHAPTER II 
BACKGROUND
This chapter briefly reviews the practices, theories, 
techniques, and literatures that are related to this work. 
Discussion will be made under the titles of graft copolymers, 
graft synthesis, chlorinated polyethylene, purification, char­
acterization, compatibility of polyblends, and literature 
works.
2.1. Graft Copolymers
A graft copolymer consists of a polymer backbone on 
which a second polymer is attached as a branch (Figure 2-1). 
It may be looked upon as a chemically linked pair of homo­
polymers. This type of polymer hybrid is a single chemical 
species that displays properties characteristic of each of 
the components. Two-phase or multiphase morphology is com­
monly observed in this type of material.
The attachment of a graft changes the properties of 
the backbone polymer to a certain extent. Changes in crystal- 
linity, transition temperatures, thermal stability, gas perm­









Figure 2-2: Interface Hodification By Graft Copolymer
as tensile strength, impact strength, have been reported and 
discussed by a number of authors. (4-11) Some of the grafting 
effects have provided the basis for commercial polymers. Cer­
tain types of impact polystyrene and ABS are examples of com­
mercial application of graft copolymers. (12)
Graft copolymers also have applications other than in 
bulk form. Surface modification by grafting has been widely 
studied and ha s been widely used in the fiber field. (13)
Its ability to improve surface adhesion of two incompatible 
polymer phases have been well known and this feature provided 
the basis for this research.
When a graft copolymer is melt blended into a polyblend 
of its parent polymers, each segment in the copolymer tends 
to interact with its homopolymer conterpart, and functions as 
a bridge across the two separate phases of homopolymers. The 
covalent bond at the grafting site provides the force to hold 
two phases together (Figure 2-2). With better adhesion between 
two separate phases, better mechanical performance of the poly­
mer blend is expected.
2.2 Graft Synthesis
A graft copolymer can be synthesized by either of two 
ways: (14) 1) by polymerizing the branch monomers in the pre­
sence of a preformed polymer backbone on which active sites 
have been created, which is termed "graft from" mechanism;
2) by the attack of a growing polymer to another polymer along 
the chain and thereby attaches a branch to a preformed trunk, 
which is termed "graft onto" mechanism.
Since the highest graft efficiency obtained so far was 
reported in synthesis using "graft from" mechanism, our at­
tention will focus on the "graft from" techniques.
The type of graft copolymerization can also be classi­
fied by 1) free radical mechanism, 2) ionic mechanism, 3) co­
ordination mechanism, 4) miscellaneous ring opening and coup­
ling reaction. Since synthesis of a stereoregular polymer is 
not our interest and the functional groups required for ring 
opening or coupling reaction is not available in our backbone- 
branch system, only free radical and ionic mechanism are dis­
cussed here.
2.2.1. Free Radical Mechanism
The free radical technique has been commonly used for 
synthesis of graft copolymers in both the literature work and 
commercial production (15), and has been employed in this 
study. The free radical mechanism involves the generation 
of free radicals as the active sites on the polymer backbone. 
Monomer molecules then react with the backbone polymer at the 
active sites and the polymerization is thus initiated. The 
mechanism of free radical grafting on a halogen containing 






X , XCH2-CH**- ^  — CH2-C
Propagation:
X X
CH2 “C + nM —* ~“CH2“C'
Termination is achieved usually by chain transfer to solvent 
followed by drying or by drying at reduced pressure.
In most free radical copolymerizations, initiation is 
achieved with either chemical method such as peroxide initia­
tion, photolytic method or high energy irradiation techniques 
such as gamma-ray irradiation. Among these initiation tech­
niques for creation of free radicals, high energy irradiation 
may be the one most commonly used for graft synthesis in liter­
ature work.
2.2.1.1. Radiation Induced Grafting
The mechanism of the free radical generation process is 
discussed below.
When electromagnetic radiation passes through matter 
its intensity decreases, primarily as a result of scattering 
and energy absorption by some of the irradiated molecules.
There are three major processes in which electromagnetic ra­
diation may interact with the irradiated substance:
1) the photoelectric effect.
2) Compton Scattering,
3) production of electron pairs.
For gamma rays from cobalt 60 source, which is used in 
this work to produce graft, the predominant effect in organic 
materials is compton's scattering. (16) In the compton scat­
tering process, a fraction of the incident radiation energy 
is absorbed by an orbital electron, causes the electron to be 
ejected from its orbital or to become excited, and a low-energy 
photon is scatterred as a result of the collision. The compton 
effect thus creates either ions or excited molecules which are 
very reactive. They either react with other materials present 
in the system or decompose into radicals and atoms. The free 
radicals produced in this process may be used to initiate 
graft copolymeritation. Initiation can be carried out by 
either direct irradiation or pre-irradiation. Direct irradia­
tion methods have been used in several works to produce poly­
styrene graft on vinyl polymer backbones (1,5, 17-25). The 
advantage of this technique is its simplicity while disad­
vantages are simultaneous homopolymerization and the possible
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radiation damage of the exposed backbone polymer. The 
effectiveness of direct irradiation for initiating the graft 
copolymerization may be determined by the G-values (the num­
ber of free radicals formed per 100 eV absorbed per gram) 
of the backbone polymer and the monomer. Only a favorable 
combination of G-values, i.e. ^backbone »  ̂ monoitier» may re­
sult in a significant concentration of graft copolymer in the 
reaction product. For those backbone-monomer systems that do 
not possess favorable G-values, pre-irradiation techniques 
may be desired. In this technique , free radicals usually 
generated by irradiation of the polymer backbone at tempera­
ture below its glass transition point and then the monomer is 
introduced after initiation has been completed. In doing so, 
homopolymerization may be minimized as the monomer is not dir­
ectly irradiated. However, even in a system which has very 
favorable G-values or in a pre-irradiation initiated polymeri­
zation, the formation of homopolymer is inevitable due to chain 
transfer to monomer. Determining factors of the efficiency of 
a graft copolymerization using irradiation techniques will be 
the ease of monomer diffusion into the polymer, irradiation 
medium, and the dose rate (26).
2.2.1.2. Chemical Initiated Grafting
Free radicals can also be created chemically from thermal 
decomposition of a free radical initiator such as peroxides or
11
2,2 Azo-bis-isobutyronitrile(AIBN). The free radical genera­
tion due to decomposition of peroxide and AIBN is as illustra­
ted below.
, - 0 0 0 benzoyl i i a iperoxide CgHs-C-O-O-C-CgHs hp» 2 C6H5-C-O *
CH3 CHoI  ̂ I  ̂ ACHo-C-N=N-C-CHo - 2 CH3-C-CH3 + N2
AIBN 1 1  I
CN CN ON
The initiation and propagation are achieved by chain 
transfer process as described in the section "Free Radical 
Mechanism". High graft efficiency has not been reported so 
far in graft synthesis using this initiation mechanism. How­
ever, this might be the simplest way to synthesize a graft 
copolymer without using any special equipment. In addition, 
there is still a possibility to obtain better graft efficiency 
from a chemical initiated reaction by properly selecting the 
reaction conditions. A combination of low conversion (27), 
adequate polymerization temperature and monomer concentration 
may favor the formation of graft. The pre-initiation technique 
which has initiation and polymerization achieved in separate 
reactors should help to eliminate homopolymerization due to 
initiation of the monomer by the initiator free radicals pre­
sent in the solution.
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2.2.2. Ionic Mechanism
Despite all the convenience associated with free radical 
initiated copolymerization, graft copolymers prepared by this 
techniques are highly contaminated by homopolymers due to ei­
ther chain transfer to monomer or direct initiation of mono­
mer, or because not every backbone macromolecult enters into 
reaction. Better control of structure and less homopolymer 
contamination may be achieved by ionic mechanism.
Theoretically, the highest graft efficiency may be 
obtainable via the anionic mechanism due to the much lower 
propensity for spontaneous termination in anionic systems. 
Anionic grafting has been reviewed in several articles (28,29) 
and has been carried out in a number of works with either 
"graft from" (30,31) or "graft onto" techniques (32,33). 
Synthesis of essentially pure graft copolymer with organolith- 
ium-compound initiation has been reported for certain back- 
bone-branch system (30). However, initiation of a halogen- 
ated vinyl polymer is commonly complicated by side reactions 
(30,34) and the efficiency of this graft copolymerization 
has not been evaluated.
Because of the difficulty in controlling the initiation 
which may lead to large amount of homopolymer along with graft 
copolymer and the backbone degradation often associated with 
the initiation, application of cationic techniques received 
little attention until recent years. Kennedy and co-workers
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conducted a series of studies on cationic graft copolymeriza­
tion in past five years and found that cationic co-initiator 
based on certain alkylaluminium compounds is useful for the 
efficient synthesis of graft copolymers, especially for that 
involves halogen containing polymer backbones (35-38). By 
proper selection of the reaction conditions, graft efficiency 
up to 100% have been reportedly achieved without significant 
degradation of backbone polymer (21).
So far, the knowledge in ionic graft synthesis is still 
limited. The ionic polymerization is extremely sensitive to 
the presence of impurity so that great care must be taken when 
conducting the laboratory work. Nevertheless, its much higher 
graft efficiency makes it a prospective way to prepare graft 
copolymers.
2.3. Chlorinated Polyethylene
Chlorinated polyethylene is produced by randomly chem­
ical substitution of chlorine for hydrogen on the polyethylene 
chain. The material used in this study is prepared by slurry 
phase chlorination of high density polyethylene. This process 
gives a unique material with physical properties unlike those 
of polyvinyl chloride and high density polyethylene, but with 
certain similarity to both. This material is rather flexible 
like HOPE while showing some characteristics of polyvinyl 
chloride such as the flame resistance. The random distribution
14
of chlorine in the HDPE chain gives it a block copolymer-like 
structure with some blocks similar to HDPE and the others 
similar to polyvinyl chloride or polydichloroethylene. Upon 
mixing with polyethylene and polyvinyl chloride, those block­
like segments contribute some interfacial adhesion between 
these two incompatible phases. The properties of chlorinated 
polyethylene are mainly determined by product variables such 
as chlorine content, melt viscosity and molecular weight (39). 
In this study, the chlorine content of CPE receives the most 
attention since it affects the crystallinity of the polymer 
and determines the relative concentration of PE-like block and 
PVC-block in the final graft product. Previous work showed 
that the chlorine content of CPE does play an important role 
in the modification of PE-PVC blends (40,41). CPE with higher 
chlorine content will have higher affinity toward PVC whereas 
a low-chlorine CPE will adhere better with PE. Thus, with 
different types of commercial CPE available, to find suit­
able modifiers for blends having varied PE-PVC composition 
will be possible.
Chlorinated polyethylene, a chlorine containing poly­
mer, is susceptible to thermal degradation and needs to be 
stablized during processing.
2.3.1. Stabilization of Chlorine-Containing Polymers
This study involves the processing of two chlorine- 
containing polymers, polyvinyl chloride and chlorinated
IS
polyethylene. Polyvinyl chloride is famous for its rapid 
degradation at processing temperatures due to the labile 
chloride structures formed during polymerization. Chlorina­
ted polyethylene, with randomly distributed chlorine atoms 
in it, is also susceptible to heat degradation. Color change 
of CPE has been observed in the molding work. A temperure 
of about 120°c, heating period of two to three minutes and 
exertion of pressure for several seconds would cause the 
originally white CPE film to turn to yellow. The degradation 
mechanism of CPE is considered similar to that of PVC, and 
protection of the polymer by adding stabizer is necessary.
It has been proposed that the degradation of PVC is due 
to the presence of labile chloride which is highly suscep­
tible to dehalogenation (42). Once dehalogenation is ini­
tiated, the chlorides are detached consecutively and form 
HCl and polyene structures. Therefore, a stablization work 
should involve the elimination of labile chloride in the 
polymer so that dehalogenation can be halted.
The stablization of chlorine containing polymers usual­
ly involves the use of metal salts of organic acids. Metals 
such as barium, cadmium, tin and zinc have been found effective. 
Secondary stablizers such as epoxy plasticizers are also re­
commended to be used in combination with the metal salts.
The mechanism of stablization has been suggested as follows.
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I I I I I
-^C-C-C-C=C4 + Cd(00CR)2 I I I Cl Cl
PVC + CdClOOCR
I I I I I
Ac-c-c-c=c4 + CdClOOCR




I I I I I
Ac-c-c-c=c4 + CdClp





CdClOOCR + Ba(00CR)2 
CdCl2 + Ba(00CR)2 —
Cd(00CR)2 + BaClOOCR 
Cd(00CR)2 + BaCl2
The ester structure formed in the first two reactions 
is much more stable than the labile chloride and dehalogena­
tion can thus be halted. The barium soap is used to regen­
erate the cadium soap as described in the last two steps.
The epoxy plasticizers react to form an ether at the site of 
the labile chloride.
Locke (43) found that a combination of Ba/Cd metal salt 
and epoxidized soybean oil at a level of 3 phr each gave the 
best protection to CPE.
2.4. Purification
Since the graft copolymers obtained from reaction are
usually contaminated by homopolymers, purification is required
17
to yield pure or nearly pure graft product before the graft 
copolymer can be characterized. Fractionation by solubility 
is the most commonly used techniques for purification. What 
we expect to see in a separation of graft product mixture 
is a fractionation due to chemical inhomogeneity of components 
in the mixture in stead of their molecular weight. Although 
solubility is determined by molecular weight as well as the 
chemical structure of the molecules, fractionation according 
to chemical structure will dominate if the chemical inhomo­
geneity is so pronounced as in a mixture of different chem­
ical species (44). For the purpose of separation of a coly- 
mer mixture, any of the well-known preparative fractionation 
methods such as solvent extraction, column elution, chroma­
tographic fractionation etc., can be utilized.
Gel permeation chromatography (GPC) should be a poten­
tial tool for separation of graft products since the separa­
tion in GPC is carried out according to the molecular size 
which may be significantly influenced by adding a graft on 
the backbone macromolecule (45). This technique has recently 
been used to determine the graft sites of a graft copolymer 
(46), It also was employed in combination with UV analysis 
to determine the graft efficiency of copolymerization (37).
However, in an effort to recover most graft copolymer 
in one fraction, selective extraction should be the best way 
if a solvent system with high selectivity can be found.
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Many of the previous works on separation of graft product 
involve only simple extraction of the reaction products that, 
in most cases, were in solid film form. It has been shown 
that this kind of extraction was insufficient to isolate all 
the homopolymer (47).
Purification work in this study involved the use of 
a extraction-precipitation two-stage process. Much effort 
was made in the search of a selective solvent system during 
the development of this process. A highly selective solvent 
system is the most important ingredient of a successful ex­
traction.
Since in the same molecule a graft copolymer has two 
segments different in their solubility behavior, it is pos­
sible that the graft copolymer is dispersed into the extrac­
ting solvent and results in micelle formation. The disper­
sion of graft copolymer results in the turbidity of the ex­
tracting solvent and sometimes leads to difficulty in separa­
tion. Y. Ikada and his college studied the dispersion be­
havior of several purified PVAC-styrene graft copolymer in 
various selective solvents at room temperature (48). They 
prepared two different types of samples from the same graft 
copolymer; one was recovered from THF, which is a good sol­
vent for polystyrene, by pouring it into water, a good sol­
vent for PVAc but nonsolvent for polystyrene. The other 
sample was recovered from benzene solution which was poured
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into n-hexane. The former sample, to be referred to as A, 
is likely to have such a microstructure that the PVAc chains 
are extended and polystyrene chains collapsed, whereas the 
other sample, say B, has the inverse structure. Solubility 
behaviors of these two samples are summarized in Table 2-1, 
the relation between the solubilities of the homopolymers and 
the solution behavior of the graft copolymer can be clearly 
seen.
Table 2-1: Dispersibility of PVAc-styrene Grafts in Various Solvents
from Dried Samples at Room Temperature (48)
Solvent PVAc® Pgb Graft
A B
Methanol soluble insoluble ND ND
Cyclohexane® insoluble T0 = 34°C ND ND
Acetone soluble swollen D D
EAA*̂ soluble T0 = 108.5°C D D
n-Octyl Acetate Tp = 83°C® soluble ND D
D: Dispersed; ND: Not Dispersed; a: %  = 1.14x10^; b: = 2.11x10^;
c: at 50°C; d: Ethyl Acetoacetate; e: Initial Cloudy Point.
It is obvious from the table that dispersion can be 
avoided if the solvent is a good solvent for one segment but 
a very bad one for the other, as the case for methanol and 
cyclohexane. In other words, the dispersion of graft copoly­
mer, which may cause the graft copoly molecules to elute 




The purification and characterization work is important 
in this study since it enables us to estimate how much graft 
copolymer has been produced, to better understand the struc­
ture and morphology of the graft material, and therefore to 
better understand the mechanism of modification in graft- 
modified blends.
Various techniques such as IR, Raman spectrophotometry, 
NMR, differential thermal analysis, dynamic mechanical study, 
optical microscopy, and GPC have been utilized to characterize 
the structure and/or composition of the graft copolymers. IR 
has been commonly used for determination of the composition 
of graft copolymers. It is also possible to detect the dif­
ference in structures between a graft copolymer and its cor­
responding mixture of homopolymers by IR spectroscopy (49).
Raman spectroscopy has becomed important in polymer character­
ization since the introduction of Laser source. Raman scat­
tering depends on change in the induced dipole moments of a 
molecule during a normal vibration whereas infrared absorp­
tion depends on the permanent dipole moments. As a result, 
these two processes are governed by different selection rules 
depending on the symmetry of the molecule. Since a given mode 
of molecular vibration may appear in either infrared or Raman 
spectra or both, a knowledge of both spectra will help to deter­
mine the structure of polymer. In this study, it is hoped that
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significant change which is characteristic of the graft will 
be observed in IR or Laser-Raman spectra.
IR utilized to determine the composition of fraction 
obtained in separation procedures in this research. Theore­
tical background and some practices of using IR for determi­
nation of the composition of a binary polymer mixture are dis­
cussed below.
2.5.1. Quantitative Analysis By IR
The relationships dominating the quantitative use of 
IR spectra are expressed in the Beer-Lambert Law which defined 
an absorption coefficient in terms of concentration and thick­
ness of the specimen. The Beer-Lambert Law can be written in 
the following form:
A = log^Q = Eel (2-1)
where A= absorbence
10 and I are intensities of radiation effectively 
entering and leaving the sample, respectively.
E= coefficient of absorption
C= concentration of absorbing material in sample.
1= path length of radiation within sample.
The absorbance A is measurable from the spectrum but to find 
the concentration c in a sample, which is related to the num­
ber of absorbing molecules along the path, requires E and 1 
to be known.
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When Beer-Lambert Law is applied to determine the rela­
tive concentration of two components present in one sample, 
this requirement can be relaxed by the use of internal stan­
dard. If the sample is uniform, the length of path affects 
the absorbances of two peaks, each characteristic of one of 
the two components, in the sample proportion and does not 
have to be considered in the calculation (50). The relative 
concentration of the two components is therefore related to 
the absorbance of the two characteristic peaks in the following 
way.
Ü 2 1  (2-2)
^2 E2C2
but Ci+C2=CQ (a constant for certain sample)
Equation 2-2 can then be rewritten as
^  = El Cl (2-3)
^2 ®2 Cg-Ci
The relationship between A^/A2 and C 1 / C 2 may be found by care­
ful calibration. In the calibration work, A1/A2 values of 
samples with varied compositions or C1/C2 values are measured
and A1/A2 is plotted against the C 1 / C 2 to obtain a calibration
curve. If the absorption coefficient ratio El is not affectedE2
by the composition change of theenvironment, A2/A2 should have 
a linear relation with C-^/c.2 and the calibration curve should 
therefore be linear. However, if the absorption coefficients 
are composition dependent or the calibration curve is construc­
ted based on weight fraction instead molar concentration ratio,
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curvature is expected. In this study, the calibration curves 
were constructed by plotting against the weight fraction
and will be shown in Chap. IV.
The accuracy of quantitative analysis using IR mainly 
depends on the uniformity of the sample, the accuracy in the 
measurement of intensities as well as the performance of the 
spectrometer. Since the absorbance is the logarithm of the 
ratio Iq/I* it varies drastically when this ratio is either 
very large or very small hence the reliability of the absor­
bance in these cases is relatively low. It is recommended 
that both Iq and I be kept in a region of 30-70% of maximum 
intensity. Base-line determination is also essential in ac­
curate quantitative analysis. The selection of a base line 
for one peak is usually complicated by interference due to 
the presence of other peak(s) in the neighborhood. There are 
many different ways to select a base line for determination 
of peak intensity and each one may have advantage over the 
others in particular case. A "tangent line" method is usually 
adopted for its simplicity and generally better reproducibil­
ity, if the interference is not very significant. Differen­
tial thermal analysis and dynamic mechanical study will also 
be useful to characterize the copolymer. By investigating 
the transition behavior of the graft copolymer, some clues 
about the structure may be obtained. With careful calibra­
tion, differential thermal analysis can also be used for
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determination of the composition of graft products. Dilute 
solution viscosity of graft copolymers, and CPE has been 
measured. Since the geometric shape of a graft copolymer is 
complicated, it was difficult to determine the average mole­
cular weight from the viscosity data. However, since the 
dilute solution viscosity is related to the size of the poly­
mer molecule, it yielded some information about the degree of 
grafting. Above mentioned techniques will be discussed to some 
detail in the following sections.
2.5.2. Morphology and Thermal Behaviors
Solid polymers may exist in a crystalline state, semi- 
crystalline state, or an amorphous state according to the 
chemical structure, the steric regularity and thermal history 
of the material. As the temperature changes, changes in 
polymer structure take place. Melting, glass transition, 
and some secondary transitions are the most often observed 
structual change phenomema. Melting is the most significant 
morphological change associated with a crystalline polymer 
and this change occurs at a temperature characteristic of the 
polymer, its melting point Tm. For an amorphous polymer, 
the glass transition is the major morphological change which 
transforms the polymeric material from glassy state into a 
rubbery state. The temperature at which glass transition 
occurs is termed the glass transition temperature, Tg. A
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semicrystalline polymer may exhibit both transitions.
Melting occurs in a crystalline polymer at so high a 
temperature that the thermal vibration of the molecules is 
vigorous enough to overcome the energy which holds the crys­
tal lattice together. This transition is usually observed 
over wide range because the melting point is molecular-weight 
dependent and most polymers have a broad molecular-weight 
distribution. Conventionally, the melting point is defined 
as the temperature at which all the solid material becomes 
liquid. However, in the manual of DSC the melting point is 
defined as the temperature at which the melting transition 
is first observed. In order to be in accordance with the 
DSC manual, the melting point is defined as the temperature 
at which the transition is first detected in this work.
The melting point is also dependent on the crystallinity of 
the polymer. A polymer with relative low crystallinity and 
low molecular weight is expected to melt at lower temperature.
Glass transition temperature is the temperature at 
which main-chain movement begins. This transition is accom­
panied by a step change in the heat capacity and specific 
free volume of the polymer, which can be easily detected.
Melting, glass transition and some secondary transi­
tions are measurable by thermal analysis. Differential ther­
mal analysis may yield information on the melting point, 
glass transition temperature, specific heat, crystallinity,
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molecular weight distribution, and morphological change due 
to additives and is useful in characterization and evaluation 
of polymers and polymer blends. Differential Thermal Analysis 
and Differential Scanning Calorimetry are the two most widely 
used techniques for thermal analysis at this time. Differ­
ential Scanning Calorimetry is used in this work for study of 
the thermal behavior, and will be discussed in more detail.
2.5.3. Differential Scanning Calorimetry
Differential Scanning Calorimetry (DSC) is a technique 
of non-equilibrium calorimetry in which the heat flow into 
or from a sample and reference is measured as a function of 
time or temperature. This is different from differential 
thermal analysis (DTA) where the temperature difference be­
tween a sample and reference is measured as certain function 
of time and temperature (51). In the DSC equipment, the 
heat flow is measured while keeping the sample and reference 
thermally balanced by changing the current passing through 
the heaters under the two sample holders. Figure 2-3 shows 
a block diagram of a differential scanning calorimetry appar­
atus .
The temperature of the sample and reference holder is 
monitored by the average temperature control circuit which 
keeps the temperature of the holder changing at a constant 
rate according to a time-temperature program. A differential
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Figure 2-4: A Typical Thermogram Showing Various 
Types of Physical Change
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control circuit monitors the temperature of the sample and 
reference and maintains the holder at equal temperatures. 
Changes in the temperature of the sample holder due to phy­
sical transitions of the sample are sensed by the differential 
control circuit which responses by adjusting the power to 
the heaters to maintain thermal balance between the two hol­
ders. A signal proportional to the power difference is sent 
to the recorder.
Figure 2-4 shows a typical chart record, the chart 
abscissa indicates the transition temperature and the peak 
area represents the total energy transfer to or from the 
sample. For example, the area under the peak due to melting 
can be translated to heat of fusion by careful calibration.
DSC has found various applications in polymer research, 
especially polymer characterization. Informations obtainable 
from DSC are on 1) thermal properties, such as specific heat; 
2) heat of fusion; 3) transition temperatures; 4) composition 
of polymer blends and copolymers; 5) distinguishing folded 
chain from extended chain morphology; 6) thermal stability;
7) crystallinity; 8) degree of crosslinking of thermoset 
resins; 9) crystallization rate; 10) heat of reaction, etc.
In this study, DSC is used to characterize the graft copoly­
mer, to detect the morphological change in polymer blends due 
to the addition of a graft copolymer, and to some extent, to 




Dilute-solution viscosity, or the intrinsic viscosity, 
has long been known as a measure of the average molecular 
weight for a simple polymer in a given solvent system. Ac­
tually, the viscous drag created by the presence of random- 
coil polymers in a flowing solvent is a measure of the size, 
not the mass, of the polymer molecules. Measurement of the 
dilute-solution viscosity of polymer solution provides one of 
the easiest ways to obtain information about the molecular 
structure of the polymer sample.
The intrinsic viscosity, n, can be defined by the fol­
lowing equations.
 ̂= (nsp/c)c=0 (2-4)
"sp = ^
Where c is the concentration of the solution in g/dl, n and 
T)Q are the viscosities of polymer solution and the pure sol­
vent, respectively; t and tg are efflux time of the solution 
and the pure solvent, respectively. The intrinsic viscosity 
can be obtained by extrapolating to c=0 . However, em­
pirical equations have been developed to estimate the intrin­
sic viscosity by the viscosity measured at fixed concentra­
tion (55). Viscosity at a fix concentration, 0.2 or 0.5 g/dl, 
is sometimes taken as an easily obtained approximation to the 
intrinsic viscosity.
Glass capillary viscometers, such as Cannon-Fenske 
viscometer and Ubbelohde viscometer, are usually used to 
measure the viscosity of polymer solution. These viscome­
ters are so designed that the relative viscosity, nr» can be 
approximated by the ratio of the efflux time for the solution, 
t, tQ that of the solvent to. Viscosities of the solution 
and solvent are related to the corresponding efflux time by 
n = ctd - Ed/t^; no = ctodo - Ed^/to^ (2-5)
where d is density and C,E are constants for the particular 
viscometer used (56). For dilute solutions d and do are near­
ly equal, and the viscometers are designed so that, for efflux 
time greater than 100 sec, the second terms are negligible.
The intrinsic viscosity is usually related to the 
molecular parameters by the Mark-Houwink relation.
(tlj = k5v®; Mv = (2-6)
K and a are constants dependent on the solvent-solute system, 
and the temperature and My is the viscosity average molecular 
weight. For linear polymers, the Mark-Houwink relation can 
be used to determine M^, if K and a are known. However, for 
more complex polymers such as graft copolymers, this method 
is invalid. The exponent a is related to the average degree 
of extension of the solute chain molecules (57) therefore will 
vary with the number and length of the graft. Thus, two graft 
copolymers of the same molecular weight may have different
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intrinsic viscosities since the a value changes with the 
structure of the graft copolymer. However, since the exponent 
a is related to the degree of extension of the polymer chain 
molecules, it may be utilized as a measure of grafting pro­
vided a good estimate of the molecular weight is available.
2.5.5. Dynamic Mechanical Behavior
The viscoelastic nature of polymers is unique in the 
field of material properties. Dynamic mechanical testings 
are carried out to study the time-dependent mechanical pro­
perties of polymers, which in limiting cases can behave either 
as elastic solids or as viscous liquid. A knowledge of the 
viscoelastic behavior of polymers and its relation to mole­
cular structure is essential to the understanding of process­
ing and end-use properties.
Dynamic mechanical testings usually involve measurement 
of the stress responce in a material subjected to a periodic 
strain, generally a sinusoidal one. If the sinusoidal strain 
is applied to a specimen at a frequency w and with a small 
amplitude, the stress also varies sinusoidally but is out of 
phase with the strain by a phase angle 6 . Thus
Y = Ygsin wt (2-7)
a = 0Qsin(wt+6) (2-8)
where Yq Oq are the peak strain and peak stress, respec­
tively.
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The phase delay in the stress response is a result of 
the viscous nature of the polymer. For an elastic solid, the 
stress responds to a sinusoidal strain according to the fol­
lowing equation
a = EY (2-9)
where E is the modulus, which is effectively a constant for 
perfect elastic solids. Thus the stress a can be described 
by equation 2-10 which shows that the stress and strain are 
in phase.
a = E Ygsin wt (2-10)
A viscous Newtonian fluid behaves differently, following the
Newton's law
CT = üŸ (2-11)
where y = viscosity, ÿ = ^
The stress q therefore becomes
a = UYoWCOS wt (2-12)
The stress now leads the strain by 90° since cos 8 = sin (0+90°).
Polymeric materials exhibit both elastic and viscous 
nature and their behaviors are generally between the perfect 
elastic solid and Newtonian viscous fluid. Therefore, the 
stress is out of phase with the strain, by a phase angle 
0 < 90 .
The peak stress O Q  in equation (2-8) can be resolved 
into a component oj cos 5 which is in phase with the strain 
and is related to the stored elastic energy, and a component
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Og sin 5 which is 90 ° out of phase with the strain and is re­
lated to the viscous loss of energy (S3). The ratio of the 
two components , tan 5, is named the dissipation factor and 
is an indicator of the relative importance of the viscous 
as compared to the elastic aspects of the behavior of the 
polymer. Storage modulus and loss modulus are defined:
E' = (^) cos 5 (2-13)
and E" z ( %  sin 6 (2-14)
whose ratio is the dissipation factor.
*E* and E" are the two components of the complex modulus E :
E* = E' + E" (2-15)
and |e*| = /e '2+e "2 (2-16)
Dynamic Mechanical testings are used to determine the 
complex modulus, which is a combination of E* and E". E" 
and tanô provide a measure of the energy dissipated as heat 
of the polymer when deformed. The storage modulus E', for 
small loss, is the usual Young's modulus. Dynamic mechanical 
testing has a great advantage over the other rheological 
testings as it yields information on the elastic modulus in 
addition to the viscosity.
The storage modulus E', loss modulus E", and the dis­
sipation factor have been found to undergo characteristic 
changes when physical transitions of a polymer occur. For 
example, when glass transition occurs, E' undergoes a two 
or three decade decreases while E" and tang go through maxima.
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Secondary transitions are generally accompanied by a relative 
small decrease in E', and a small peak in E" and tan6 curves.
E' becomes very small when melting has taken place since the 
polymer solid has become viscous fluid. The value of tan G 
becomes large at this point because the viscous nature has 
become much more pronounced.
Peaks of glass transition and secondary transitions 
on tan 6 curve can be interpreted in terms of molecular mo­
bility (54). Immobile segments in the structure can store 
more energy than those which can move more freely. When the 
testing temperature passes through the transition range, some 
of the "frozen" segments become free to move and the stored 
excess energy is dissipated into heat. The dissipation of 
stored energy into heat is reflected in the form of an in­
creased tan6. The tang begins to increase as the testing 
temperature is near the transition temperature and reaches 
a maximum at the transition temperature. Tan6 then decreases 
since the freeing of the molecules tends to cease. The energy- 
dissipation process thus goes through a minimum until the 
sample temperature approches another transition. This change 
in the molecular mobility was thus shown as small peaks on 
the tang curve. The loss modulus E" curve has a shape similar 
to that of tang.
An incompatible polymer blend usually shows the char­
acteristic transitions of both components on E' and tan g curve.
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Changes in the shape of the curves are often considered as a 
sign of structural change of the blend. This feature is 
useful in the understanding of the modification mechanism 
in blend-modification work.
2.6. Compatibility of Polymer Blends
The term "compatibility" in the polymer blend study 
has the similar meaning as the miscibility for a mixture of 
liquids. The question whether two or more polymers in a 
physical blend are compatible or not may be answered in terms 
of different criteria and, sometimes, it is difficult to find 
a definite answer. In this study, the major concern of com­
patibility is on the mutual interaction between different poly­
mer molecules, which ultimately determines the mechanical 
performance of the polymer blend.
The necessary condition for two polymers to be compa­
tible upon mixing is that the free energy change of mixing, 
AGmix, has to be negative (58). At constant temperature,
“ ^®mix “ (2-17)
The state of blends is considered more probable than the state 
of separate phases when AG is negative and the polymers in 
the blend are considered compatible. This is possible when 
the heat of mixing is negative, or the entropy increase is 
large. For simple molecules such as molecules of simple 
liquid, the degree of randomness increases greatly during
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mixing and the liquid mixture will be compatible if the 
solubility parameters of the components are close. However, 
the entropy increase in blending two high polymers is usually 
small due to the large chain length. As the mixing of poly­
mers is generally an endothermie process, to have a negative 
AG is highly unlikely. Therefore, except for polymer pairs 
which have very strong interaction force, most polymers are 
incompatible. (59)
Fettes (60) stated that two incompatible polymers when 
mechanically blended tend to form separate phases. Usually 
a phase of one polymer is dispersed in the continous phase 
of the other and the larger is the phase domain, the lower 
is the probability to have interaction at molecular level.
Low compatibility can lead to poorer mechanical properties 
for the blend than either of the individual components as 
found by Paul (3) for melt blends of polyethylene, polystyrene 
and polyvinyl chloride. Although phase separation of polymers 
in a blend does not necessarily mean poor mechanical proper­
ties, as in the case of high impact resins (61),good inter­
phase adhesion is essential for satisfactory mechanical per­
formance. For most incompatible blends, modification by a 
blend modifier is needed in order to obtain acceptable pro­
perties .
Graft copolymers and block copolymers have been found 
effective in achieving better interphase adhesion in previous
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works. The modification of the PE, PVC, PS containing blends 
by the CPE-styrene graft copolymer will be discussed in more 
detail later.
Several techniques have been employed to determine 
compatibility of polymer mixtures, but not all of them predict 
the same result (62). The compatibility, and the modification 
ability of the graft copolymer are studied by thermal analysis, 
microscopy and dynamic mechanical testing in this work.
2.7. Literature Works - CPE Graft Copolymers
Some work, mostly patents, has been reported in the 
literature on utilizing CPE as backbone material for synthesis 
of graft copolymers ( 63-73 ). Varied types of monomer such as 
acrylonitrile, methyl methacrylate, acrylates, diallyl phatha- 
late, allyl chloride, vinyl acetate, vinyl chloride, and sty­
rene were grafted on the CPE backbones by free-radical ini­
tiation. Initiators used in these works were peroxides and 
AIBN. Neither purification nor characterization work has been 
discussed in the literature.
Some of the graft copolymers were employed as modifiers 
in PVC-based impact resistant compounds. Takahashi et al. 
utilized a graft copolymer of CPE with pendant polystyrene 
chain on it to modify the impact resistance of PVC and re­
ported a greatly improved impact strength of their new com­
pound (64). Yokoyama et al. grafted allyl compounds such as 
allyl chloride on the CPE and used this material to modify
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the impact strength of PVC (66). Nish et al. conducted a 
graft copolymerization to produce PMMA or polyacrylate graft 
on CPE and blended this graft copolymer with PVC. Both the 
impact strength and tensile strength of this blend were found 
to be superior to that of an ungrafted CPE-PVC blend (67).
Graft copolymers based on CPE were also used as blend 
modifiers. Nakamura et al. prepared a CPE-g-PMMA copolymer 
and blended it with LDPE and acrylic monomers. The intro­
duction of this material gave a compatible blend whereas the 
blends without the graft copolymer were incompatible (72). A 
graft copolymer involving CPE, styrene and acrylonitrile was 
also utilized as the base compound of fire-resistant foamed 
materials (73).
Since most of these work were patent work and were done 
in Japan, very little detail regarding efficiency of copo­
lymerization and graft structure was disclosed. However, 
success in preparation and application of these graft copo­







Systhesis was made using pre-initiation technique.
The CPE backbone was first initiated in a 1000 ml resin flask 
and was then transferred to another flask where the polymeri­
zation took place. The CPE used in this study was supplied 
by Dow Chemical Company and was in Crumb form when received. 
In order that the initiated CPE backbone may be conveniently 
transferred, the CPE pellet was processed into films with a 
hydraulic press. In each synthesis, six pieces of CPE films 
were suspended from a glass supporter and were immersed into 
the initiation solution. The weight and thickness of these 
films were measured. The initiation solution was a mixture 
of benzene and methanol with the initiator dissolved in it. 
The CPE films were swollen in the initiation solution for a 
period of time to allow the initiator to diffuse into the 
films. The initiation flask was in a polyethylene glycol
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bath of which the temperature was controlled with a Haake ESI 
model regulator. After the films had been swollen at room 
temperature for a desired time, a condenser was installed and 
nitrogen bubbled through the initiation solution for twenty 
minutes to purge the air.
The solution was then heated up to and maintained at 
the desired temperature at which the initiator would decompose 
and the initiation began. The initiation lasted for a period 
of 4 to 12 hours during that nitrogen continued to bubble at 
a slow rate. As soon as the initiation was accomplished, the 
initiated films were transferred into the polymerization flask, 
which contained a mixture of styrene monomer and methanol, and 
the polymerization proceeded. The solvent in initiation solu­
tion was evaporated and the amount of CPE dissolved in the 
solution weighed. Nitrogen still bubbled for the first twenty 
minutes. The polymerization was generally terminated by eva­
porating the remaining monomer at reduced pressure. The dried 
reaction products were weighed and then pressed into films 
for further study.
Synthesis were made under varied reaction conditions. 
Several reaction parameters were varied in such a way that 
effect of each parameter on the graft yield and efficiency 
could be evaluated. Benzyl peroxide was used as the initiator 
in all the synthesis but one, in which AIBN was used.
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3.1.1.1. Purification of Monomer
The styrene monomer was purified before use to remove 
the impurities, mainly the inhibitor. The monomer was washed 
with 4% sodium hydroxide solution for six times in a separa­
tory funnel. Each time a caustic solution of a volume one 
sixth to that of the monomer was used. The separatory funnel 
was shaken vigorously to allow good contact between monomer 
and the caustic solution. The mixture would then settled into 
two layers and the bottom portion, which is the aqueous solu­
tion, was removed. The monomer was then washed again for 
six times with distilled water. The acidity of the washed 
monomer was checked with a litmus paper to ensure complete 
removal of caustic. The monomer was settled again in a beaker 
and then transferred into a cylinder for volume determination, 
with the bottom portion discared. The clear monomer liquid 
was stored over calcium chloride in a refrigerator.
3.1.1.2. Film Preparation
All polymer sheets used in this study were molded by 
a Carver 2101 C-type hydraulic press equipped with heated 
plates. The polymer, positioned between two Teflon plates, 
was preheated at 275 F for three minutes and then pressed to 
2D0D0psi. The pressure was immediately released and the film 
formed was removed and allowed to cool down. Excess heat and 
pressure would cause severe degradation since CPE is suscep­
tible to heat degradation, like polyvinyl chloride.
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3.1.1.3. Determination of the Composition of Initiation Solution 
In the initiation step, solvent was used to swell the 
CPE films. The swelling faciliated the diffusion of initiator 
into the films and therefore would achieve more homogeneous 
grafting (24). However, the solvent should not be too strong 
otherwise a large amount of CPE would be dissolved and lost 
in the initiation step. Benzene, a relatively good solvent 
for CPE, was the swelling agent while methanol, a nonsolvent, 
was introduced to prevent dissolution of the films. The com­
position of the mixture was determined by the degree of swell­
ing and CPE dissolution that were measured experimentally.
To determine the degree of swelling and dissolution, a simu­
lation test was done on the CPE films. A piece of CPE film 
was immersed in a mixture of benzene and methanol, which was 
at the temperature of initiation, for a length of time which 
the initiation would last. The film was removed from the 
solvent mixture after swelling and was immediately wiped dry.
It was then suspended from a metal wire and was allowed to 
dry in the atmosphere. The film was weighed every ten minutes 
in the first thirty minutes and was later weighed every thirty 
minutes. The per cent degree of swelling was defined as the 
per cent weight increase due to the swelling and this value 
decreased as the film dried up. The amount of CPE dissolved 
was determined by weighing the film after it had been dried 
for more than one week. If the weight of film remained
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constant upon further drying, the film was considered solvent 
free and its weight would give the amount of CPE dissolved.
3.1.2. Irradiation Polymerization
The irradiation grafting of styrene to CPE was carried 
out using the direct irradiation method. The CPE 2552 pellets 
as received from the manufacturer were mixed thoroughly in a 
beaker with purified styrene monomer through which nitrogen 
had been bubbled for 15 minutes. The mixing process, which 
gave a very viscous slurry, enabled the CPE pellets to be well 
swollen. The mixed slurry was then transferred to a 41 mm x 
7 inch tall glass tube with a syringe-like glass ware. The 
glass tube was immersed in a dry-ice bath until the styrene 
was frozen and then was evacuated with a mechanical pump to 
about 50 torr. The tube was sealed with a torch while eva­
cuated thus maintained the vacuum in the tube. Three tubes 
for irradiation were prepared with two of them sealed under 
vacuum while the other one sealed under atmosphere. The 
sealed tubes were then stored in a refrigerator. During 
irradiation, the tubes were placed in beakers located at the 
center of an aluminum canister. The canister was sealed by 
a lid held in place against an o-ring with bolts. The canis­
ter was lowered to the center of the gamma-ray source, which 
consisted a number of Cobalt-60 elements, held in a doughnut 
shaped holder at bottom of a water pool. The intensity of
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the radiation was about 7968 rads per hour based on the 5.2 
years half-life of Cobalt-60 and the dose rate of 70000 rads 
per hour determined in July 1968. The sample were exposed 
to the radiation for 2 or 3 days and total dose levels of 
0.4 and 0.6 megarads were achieved. The samples were removed 
from the radiation source and were exposed to room temperature 
for two days. The tubes were then broken, the polymer heated 
in an oven at 60°C under vacuum to remove the residual monomer. 
The yield of polystyrene in the radiation product was deter­
mined by weighing the dried polymer and comparing to pure CPE 
pellets. The products were later pressed into films and 
ground to fine powders for further analysis.
3.2. Purification
In order to better characterize the graft copolymers, 
the reaction products must be purified using one of the separa­
tion techniques cited in the Background Chapter. Preliminary 
studies on solubility of CPE, polystyrene and their physical 
mixture in various solvent systems were done and the solvent 
extraction technique was employed to separate the homopolymers 
from the graft. Details are given below.
3.2.1. Solubility Studies for Removal of Styrene Homopolymer
The selective extraction method was employed to separate 
the reaction product mainly because this method is prepara­
tive and simple to apply. Since a large quantity of purified
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graft copolymer was required for characterization and modi­
fication of blends in this work, it was desired to obtain the 
purified graft in as small number of fractions as possible.
If a selective solvent system could be found, selective ex­
traction should be the method most suitable for this purpose.
It was important to find solvents with high selectivity when 
selective extraction method was to be used.
A number of solvent systems were tested for their selec­
tivity. The literature values of solubility parameter 6 of 
polystyrene have an average of 9.0 (74) but 6 of CPE is not 
available in literatures. It was postulated that 6 of CPE 
might be somewhere between that of polyethylene and polyvinyl 
chloride. However, since PE has an average 6 value of 8.OS 
and polyvinyl chloride 9.75, it seems that ô of CPE would be 
quite close to that of polystyrene. The author was not able 
to find any solvent system from the literature which would 
apparently have high selectivity for the polystyrene - CPE 
system, since the solubility parameter of CPE was unknown.
The solvent system used in this separation work was selected 
according to the result of solubility studies done in this 
laboratory.
Benzene, toluene, cyclohexanol, carbon tetrachloride, 
cyclohexane, and acetone were chosen for the preliminary trial. 
Half gram of polymeric pellets was added to 100 ml of solvent 
to be tested and the solution was left at room temperature
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for about ten hours before the solution was heated up with 
stirring to about 60°C. The solution was allowed to cool 
down gradually to room temperature and to set for one to 
seven days depending on the system.
The polymer which remained as a solid was separated 
from the solution by pressure filtration, and was then dried 
in an oven and weighed. For the solvents which showed very 
poor selectivity, the solubilities were described only qual­
itatively, as complete soluble, mostly soluble, partially 
soluble, or non-soluble.
The polystyrene used as control in the solubility 
study was synthesized in this laboratory with the reaction 
conditions similar to the graft copolymerization so that the 
sample used would have solubility comparable to the styrene 
homopolymer found in the graft product. According to the 
result of the solubility study, which will be discussed in 
the next chapter, a 18:82 cyclohexane-acetone mixture was 
selected as the solvent system for the extraction. The next 
problem in design of the extraction process was to decide how 
many extractions would be enough to completely remove the 
styrene homopolymer.
A graft copolymer was extracted consecutively and the 
amount of material extracted in each extraction was measured 
and analysed. A simulation test was also done on a CPE- 
polystyrene mixture having the same composition of the graft
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product and the IR spectra of the extracted fractions were 
studied. The solubilities of CPE-polystyrene mixtures were 
also measured and revealed some information on the removal 
of styrene homopolymer. It was found that only one single 
extraction would be sufficient to isolate all the styrene 
homopolymer as will be discussed later in Chapter IV.
5.2.2. Removal of Unreacted CPE
Another solvent system was needed to separate the 
unreacted CPE from the graft copolymer. However, such a 
solvent system had never been found as any solvent found to 
dissolve CPE would also dissolve polystyrene and the graft.
In this work, removal of unreacted CPE was achieved by pre­
cipitation of the unreacted CPE out of the solution of graft 
product. Approximately 0.5 g of polystyrene-free graft pro­
duct was dissolved in 180 ml of hot toluene and the solution 
was transferred to four 50-ml centrifuge tubes. Three drops 
of methanol were added to each tube to precipitate the less 
soluble portion, which should be CPE-rich, and the samples 
were centrifuged with a Model CL International Clinical Cen­
trifuge. It was desired that only small amount, which is 
barely enough for composition analysis, be precipitated. The 
precipitated fraction was then characterized by IR. If the 
precipitated fraction was shown to be pure CPE, further pre­
cipitation would be carried out until it was determined to
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contain some polystyrene. The amount of unreacted CPE was 
estimated by summing up the weight of all the precipitated 
fractions, but the last one.
The whole picture of the separation process is shown 
in Figure 3-1. The compositions of the separated fractions 
were later determined by IR spectroscopy and DSC.
3.2.3. Pressure Filtration
The fractionated samples were separated into two 
fractions by either pressure filtration or centrifuging. 
Pressure filtration was employed in the first stage of puri­
fication to separate the soluble polystyrene homopolymer from 
the reaction product while centrifuging was used mainly to 
remove the unreacted CPE from the polystyrene-free graft pro­
duct.
A small-size pressure filter with a capacity of treat­
ing 300 ml of solution, was employed in the purification of 
samples for characterization and composition analysis. Figure 
3-2 describes the mechanism of the pressure filter. The 
pressure of the nitrogen line was the driving force for the 
viscous polymer solution to pass through the filter. The 
pressure required to achieve separation in a reasonable amount 
of time varied from 3 psig to 100 psig depending on the type 
and amount of polymer dissolved in the solution. Several 
filter systems were tested but a Whitman #l-glass fiber-Whit- 
man #50 sandwich-type filter system was found to be the better
49
REACTION PRODUCT 













sample to IR -CENTRIFUGE













oE-l Solutiong-copolymer sample to IR
Mol. Wt. Determination
Figure 3-1: Fractionation Scheme Used For Purification
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Figure 3-2: Fabrication of Pressure Filter
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system. The glass fiber-Whitman #50 combination was able 
to filter particles smaller than 2 y m at relatively slow 
rate while the Whitman #1 filter paper served as the pre­
filter to prevent the fine-pore filter from being clogged 
and to facilitate faster separation. The glass fiber filter 
used in this work was a GELMAN TYPE A/E filter. The perfor­
ated aluminum disk holder supported the filter to avoid a 
rupture of filter paper under high pressure. A ring-type 
gasket made of nitrile or DuPont Viton rubber was essential 
in achieving good sealing.
Since a large quantity of purified graft copolymer was 
needed in the modification work (at least 15 grams were needed 
in order to prepare a blend with a graft concentration of 
25%), a large-scale filtration was carried out. The struc­
ture of the large pressure filter was similar to that of the 
small one, except that the large one was sealed with bolts.
The main compartment and the cap were made of carbon steel, 
with the inside surface nickel plated, while the perforated 
disk and the bottom parts were machined from an aluminum 
cylinder. This filter was capable of treating one gallon 
of solution at one time. The graft product was first ex­
tracted with one half of the solvent and, after separation, 
was again extracted with the other half of fresh solvent to 
ensure complete removal of polystyrene homopolymer. The
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concentration of all the polymer solutions separated was 
200 ml of solvent for each gram of polymer.
The use of pressure filtration as the means for separ­
ation should have eliminated the co-precipitation of styrene 
homopolymer, which would occur if the centrifuging technique 
was employed.
3.3. Characterization
The graft products were characterized by IR spectro­
scopy, Differential scanning calorimetry, microscope photo­
graphy, and Rheovibron dynamic mechanical testings, and 
dilute-solution viscosity, as described below.
3.3.1. Infrared Analysis
IR spectra of the graft products were obtained using 
a Beckman Model IR 12 spectrophotomer. Characteristic ab­
sorptions were detected from the film transmission spectra 
with a range from 300 cm'l to 1660 cm"^. Generally the spec­
tra were run using the following format: scanning rate --8
cm'l per minute, integral time -- 2 seconds, slit width -- 
2x standard, energy gain -- 1.2-2.8% of mixmum. The film 
samples were prepared by casting from solutions. Approxi­
mately 0.5 gram of the material to be tested was dissolved, 
with heating and agitation, in 60 ml of toulene. The solution 
was slowly poured onto a glass plate, flowing down along a 
stainless steel guide rod and was then dired in a vacuum oven
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to remove the water and then stored in a decicator.
Spectroscopic works were done on pure CPE, polystyrene, 
and physical mixture and these spectra were compared with 
that of graft products to detect the possible sign of struc­
tural change due to grafting.
IR spectroscopy was also used to determine the com­
positions of the graft products . Peaks at 614 cm"^ and 
1605 cm"l were chosen as the characteristic peaks of CPE and 
polystyrene respectively. Calibration curves were construc­
ted using the internal standard approach and the peak height 
was used as the measure of the intensity (Fig. 3-3). With 
the calibration curves, the composition of the graft products 




Laser-Raman spectroscopy was also employed in the 
characterization of the graft copolymer. The spectroscopic 
work was carried out using a Spex Ramalog-5 spectrometer 
equipped with a spectrophysics 2 Watt Argon Ion Laser. Spec­
troscopic work was done using the following format:
Laser beam wave length 4880 A 
power 100 ma 


















1640 1620 1500 1580 1550 550 540 520 580 550
LO
LO
W a v e  N u m b e r  (c m “ ^)
Figure 3-3: Base Line Determinatio n in IR Composition Analysis
Slits 400 y X 400 y X 400 y x 2 
Anti-stoke scanning 0 30 cm'^/minute.
The author did not operate the laser-Raman spectrometer him­
self. All the Raman work was performed by Dr. R. E. Freeh, 
professor in Chemistry at the University of Oklahoma.
3.3.3. Dilute Solution Viscosity
Viscosity of dilute polymer solution, which is a 
measure of the molecular size, was measured with the use of 
a Canon-Fenske Capilary Viscometer (Figure 3-4). Solution 
viscosities of CPE, initiated CPE, CPE-PS mixture and puri­
fied graft copolymers were measured (since CPE 2552 is par­
tially crystalline, the solution has to be heated up in order 
that CPE containing sample may completely dissolve). The 
experiment was performed at a temperature of 100 - 0.5°C in 
a polyethylene glycol bath with temperature controlled by a 
Haake E51 Regulator.
Toluene was used as the solvent and a concentration 
of 0.5 g per 100 c.c. solution was used in this work. The 
solution was prepared by dissolving the polymer in toluene 
within a stoppered volumetric flask with heat and agitation 
and was then immersed in the constant temperature bath for 
about 15 minutes. Ten ml of solution was transferred with a 
pippotte to the main liquid reservoir of the viscometer. Suc­




above point A. The liquid was allowed to drain down the 
capillary and the time required for the meniscus to move from 
point A to point B was recorded. The efflux time was deter­
mined for several times, until at least three nearly-constant 
values were recorded. The average efflux times were used to 
calculate the specific viscosities according to equation 
(2-12) in the Background section. The empirical equation 
of Schulz and Sing (75) shown below was applied to find the 
intrinsic viscosity.
Tlsp/C(n) = 1 + 0.28risp
3.3.4. Microscopy
Optical microscopy was carried out using a Leitz- 
Wetzler microscope. A photographic stage was set up to re­
cord the micgrographs. A magnification rate of 2500:3 was 
adopted for all the photographic work. Samples of plastics 
blends and graft-modified plastic blends were sectioned with 
a mocrotome set at 5 microns. The sectioned samples were 
placed on slides, covered with 4% formalin aqueous solution 
and a cover glass.
3.3.5. Dynamic Mechanical Testing
The dynamic mechanical properties of the polymers were 
studied using the Rheovibron Model DDV-II Direct Reading Dy­
namic Viscoelastometer made by Toyo Measuring Instruments (76)
58
The basic operating units and their relationship are schema­
tically illustrated in Figure 3-5. The sample is oscillated 
in tension by force vibrations caused by the driver. The 
driver can be operated sinusoidally at four different fre­
quencies, 3.5, 11, 35 and 110 Hertz. A frequency of 110 
Herz was applied in this work. The sample was clamped between 
strain gauges and subjected to a small sinusoidal tensile 
strain at the fixed frequency. The stress was regulated by 
a feed screw mechanism. The amplitude of the sinusoidal de­
formation and the stress was measured and converted to elec­
trical signals by unbonded type strain gauges. The sig­
nals from the two strain gauges were added as vectors by an 
electrical circuit which then read out this sum as tan 5 dir­
ectly. Dynamic force was also read off directly and was used 
to calculate the dynamic complex modulus.
The dynamic complex modulus, elastic modulus and loss 
modulus could be calculated using the equations below:
E* = 2.0 X 109 X l/(AxD)xL/S 
E' = 1 E* 1 cos 6
E" = |E* I sin a
where L is the sample length in cm, S the sample section area 
in cm%, D the dynamic force dial when measuring tan 5 and 
A a correction factor for the tan 6 range used.
The elastic modulus, loss modulus, tan 6 of the 
sample were measured at varied temperatures. An Imass
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Temperature Chamber was used to control the sample temperature 
over the range of -150°C to 200°C. This chamber consists of 
a massive copper block in which two heaters were installed, 
and a shallow copper tray sitting atop the block. Liquid 
nitrogen was added to achieve the cooling. Precooled nitro­
gen gas was purged through the chamber to maintain a dry 
atmosphere during the subamient experiments. The ends of 
the chamber were covered with cones made of stiff paper to 
allow the dry gas to flow along the pullrods and prevent at­
mospheric moisture from condensing in the chamber.
Samples in the form of thin films were prepared by 
compression molding and were about 0.4 to 1.0 mm thick. The 
films were annealed for about three minutes between glass 
slides. Samples that were 1.3 to 2.5 mm wide and 1.5 to 2.6 
mm long were cut off the annealed films.
The chamber was cooled to -1S0°C and then was heated 
up at rates of 1 to 2°C per minute. The temperature of the 
chamber was measured with a temperature indicating millivolt- 
meter by changing polarity at the input terminals. The dy­
namic force dial D, tan 6 , sample length increment, ampli­
tude factor and sample section area were recorded at 3 to 
6°C intervals.
3.3.6. Differential Scanning Calorimetry
The thermal behaviors were studied using Perkin-Elmer
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DSC-2. The temperature range studied was -120°C to 180°C. 
Polymer samples tested were placed in an aluminum sample pans 
and were covered with thin aluminum disks. The sample pans 
were then sealed with a crimper supplied by Perkin-Elmer 
Company. The sample pan was placed in one holder and an 
empty pan was placed in the other holder as reference. Liquid 
nitrogen was used to accomplish cooling. The sample holders 
were cooled down to and maintained at the lower-limit tem­
perature until thermal equilibrium was reached.
The samples were then heated up to 180°C at a scanning 
rate of 20°C per minute. The signal level for full scale 
ordinate deflection of the recorder pen was set to correspond 
to a power difference of 1 millicalorie per second. The peaks 
and structures observed in the DSC spectra indicated the dif­
ferences in power supplied to the sample holders when physical 
transitions such as melting and glass transition occurred.
To avoid condensation of moisture in the whole atmosphere, 
the whole sample holder was covered with a dry box in which 
vacuum was established before dry nitrogen was introduced to 
fill the box. It was necessary to purge the helium through 
the sample holder enclosure when liquid nitrogen was used as 
the coolant. Other inert gases such as nitrogen, argon, etc., 
have condensation temperatures close to that of the coolant, 
and the increased density of those gases might lead to un­
desired convection which would result in non-reproducable base­
lines. 62
Since the scanning range studied was quite wide 
(-120 to 200°C), to optimize the base line was a difficult 
task. With the high sensitivity required for this study, it 
was impossible to obtain a straight base line over the entire 
scanning range. Correction was made to eliminate the effect 
of the curvature of the base line. For each DSG spectrum, 
the response due to the base line was subtracted from the 
total response observed digitally, and a new spectrum was 
plotted according to the new track.
Thermal data were taken for chlorinated polyethylene 
2252 and 4814 and graft copolymers with CPE 2552 and 4814 as 
backbones. In order to detect the effect of graft modifica­
tion on the thermal behavior of the blends, polyvinyl chloride 
polystyrene, LDPE-PVC-polystyrene blend and blends modified 
with CPE-polystyrene graft were also studied.
Temperature calibration was made using indium and 
cyclohexane as the references. The indium, with a melting 
point of 429.8®K, was adopted to calibrate the high tempera­
ture range, while cyclohexane, crystallizes at 186.1°K, was 
used for the subambient range. The setting of the tempera­
ture calibration range control required for temperature cali­
bration was determined by the following equation (52):
A R  =  r 2 - ^  i q O O
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where AR = number of division change required to TEMP 
Calibration Control 
R = setting of temperature control 
ATiQD = difference between measured transition 
temperatures
a T^Ct “ difference between the actual reference 
transition temperatures.
The TEMP CALIB RANGE control setting R was adjusted by the 
amount AR calculated according to the above equation, until 
ATiQD = AT^cT t 0.5°K. The cyclohexane and indium transi­
tion points were again measured individually and the TEMP 
CALIB ZERO control was adjusted until the indicated tempera­
tures were within Î 0.2°K of the actual value.
All samples evaluated by DSC were obtained from films 
prepared by compression molding. The disk-shape samples were 
cut off the films with a cork bore. Sample weights ranged 
from 9 to 17 mg.
3.4. Impact Strength Test
Impact resistance of PVC-PS blend and graft modified 
PVC-PS blends were measured using a TMI Model 52004 Impact 
Tester which is a free swing pendulum type tester. The pen­
dulum is equipped with an impact hammer and a vise for holding 
the specimen. A 5-ft-pound hammer was used in the testing of 
these plastics blends. The test procedure was in accordance
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with the ASTM standard test D 256-73, method A, which is a 
Ized type test.
The specimen was held as a vertical cantilever beam 
and was broken by a single swing of the pendulum with the line 
of initial contact at a fixed distance from the specimen clamp 
and from the center line of a notch and on the same face as 
the notch. Figure 3-6 illustrate the breaking operation and 
the dimensions of a Izod type test specimen. The samples 
were molded by the use of a three-piece aluminum mold at 
170°C. The width of the test section was measured for each 
sample with a micrometer to 0.001 inch. The energy absorbed 
in breaking the sample was read from the energy scale. Cal­
ibration was made to correct for the energy lost by the pen­
dulum to friction in the pendulum bearing and to windage.
This was done by observing the location of the pointer after 
free swings of the pendulum. Correction was also made for 
the energy loss due to friction and inertia in the movement 
of the pointer. The calibration procedure is described in 
detail in ASTM Standard D 256-73. Three free-swing tests 
were performed and the average value was used for calibration.
Due to lack of material, only one specimen was tested 
for each plastics blend and the values of impact strength 
obtained was considered only an estimate of the true values.
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Figure 3-6: Breaking Operation and Dimensions of A Izod Type 
Specimen .
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3.5. Blending and Molding
The blending work for all the polymer-blend samples 
were done in a Brabender Plasticorder type PL V150 equipped 
with a GP-lOO adjustable speed drive which was connected to 
a laboratory mixing head type REE-6. The mixing head was e- 
quipped with roller type mixing blades as described in the 
literature ( 77 ) and in ASTM Standard D-2S38-69 for the
fusion rate test of polyvinyl chloride. The mixing head was 
heated electrically with temperature controlled by a Brabender 
Model 2003 Control Console. The plasticorder includes a prong 
type brake and a recording system to monitor the torque 
which is an indication of the melt viscosity of the blend.
The Brabender provides a means to melt mix the sample while 
simultaneously giving information concerning the viscosity 
of the blend. Approximately 50 grams of polymer was used in 
each blending work.
The blend was prepared by dry mixing whereas all the 
rest samples, which were chlorine containing, were mixed with 
liquid stabilizer, Plastoflex E 50, added. In addition to the 
liquid stabilizer, BC-26, a powerform stabilizer, was also 
used to provide better protection for chlorine containing 
samples against degradation. Three phr of each of these 
stabilizers, based on the amount of the chlorine containing 
component in the blend, was added. All the blending was 
carried out at 170°C and a motor speed of 20 rpm. The mixing
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head was preheated to the desired temperature and the motor 
speed set before the solid sample was gradually added into the 
mixing chamber.
The solid samples were usually fluffy and would over­
fill the mixing chamber until they began to melt and flow.
The liquid stabilizer, when used, was then added. The mixing 
time was five minutes which was sufficient to yield melt blends 
appeared well-mixed. A ram closure was equipped to force the 
solid outside the chamber to back in.
At the end of the blending, the motor speed was lowered 
to about 5 rpm and the mixing chamber was removed away from 
the still rotating blades. Some of the blended material was 
recovered easily, but the rest remained adhering to the blades 
and the wall of mixing chamber. The portion remaining on the 
blades and in the chamber was scrapped with a copper spatula 
to form a large lump. It was then recovered and later molded 
into a sheet.
The mixing chamber and blades were then cleaned with 
a spatula. The residual polymer was cleaned by blending high 
impact polystyrene or low desnity, high melt index polyethylene.
All polymer sheets used in this study were molded using 
a Carver 2101 C-type hydraulic press equipped with heated 
plates. This press has a capacity of exerting 25,000 psi 
pressure on the six inch square plates. The polymer, posi­
tioned between two Teflon sheets, was preheated at desired
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temperature for three minutes. The Teflon sheets served as 
releasing agent in this work. The plates were forced against 
and exerted a slight pressure on the polymer. At this point, 
the temperature of the plates would drop due to cooling by the 
sample. After the plate temperature returned to the desired 
value, pressure was slowly increased to allow the polymer 
melt to flow until 15,000 psi was reached. The pressure was 
released, the Teflon sheets removed, and allowed to cool at 
room temperature. The molding temperature was 130°C when 
preparing CPE sheets, and 170°C when molding plastics blends 
into sheets.
A three-piece aluminum mold was used to prepare samples 
for impact test. The samples prepared by this mold had di­
mensions conforming to that specified by ASTM, in which 
details on sample preparation are described.
3.6. Grinding
For the sake that better sampling and easier extrac­
tion could be achieved, all the samples of reaction products 
were ground intg powder form before extraction was carried 
out. All the grinding work was done using a Wiley Mill 
equipped with 20 - 100 mesh stainless screens. All the reac­
tion products recovered were molded into sheets, which were 
later sliced into strips approximately 1/8 inch in width.
Since polyethylene and chlorinated polyethylene were pretty
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flexible, all the polyethylene or CPE containing samples were 
too tough to be easily crushed. These samples were dipped 
in liquid nitrogen and became brittle enough to be broken 
down. The frozen strips were fed into the hopper of the mill, 
pressed by a wood cover against the rotating fly-wheel type 
blades, and got crushed into fine particles. Those par­
ticles which were fine enough to pass the 40-mesh screen were 
collected in a glass bottle.
3.7. Materials
All polymer samples were kindly supplied by several
manufacturers and are described below.
Chlorinated polyethylene
Designation Sp. Gr. C12 content W*% % Crystallinity
 ------     %-ray DSC
CPE 2552 1.10 25 25 15
CPE 3614 1.16 36 2 0
CPE 4814 1.25 48 2 0
The chlorinated polyethylenes were made by Dow Chemical
Company.
Low Density Polyethylene
Designation Sp. Gr. Melt Index Manufacturer
DFDA 440 0.917 1.8 Union Carbide
Polyvinyl Chloride
Designation PVC Content Wtl Inherent Viscosity Manufacturer
QSAH-7 100 0.76 Union Carbide





CX 2892 Cosden Oil § Chemical
Styrene monomer used in the synthesis work was manufactured 
and supplied by Cosden Oil 8 Chemical Company. This monomer 
contained an inhibitor to prevent polymerization during stor­
age.
Benzoyl peroxide, used as initiator in the graft syn­
thesis, was made by Pennwalt and was designated as LUCIDOL- 
98.
Samples of commercial stabilizers were obtained from 
Cincinnati Milacron Chemicals and are described below: 
Designation Content Appearance
BC-26 Barium/Cadmium White powder




Results of work on the preliminary study, synthesis, 
purification, characterization and blend modification are 
presented and discussed in this chapter.
4.1. Preliminary Study
Before graft synthesis and purification were performed 
some preliminary work was done to help set up the reaction 
conditions and the separation process for purification of 
the reaction product. This work included swelling test of 
the CPE films and the solubility study of the polymers.
4.1.1. Swelling Test
Swelling tests were carried out to determine the proper 
composition of initiation solution in which the chlorinated 
polyethylene films would swell significantly but would not 
dissolve. The result of the swelling test for the benzene- 
methanol system is shown schematically in Figure 4-1.
The degree of swelling, previously defined in Chapter 
III as the % weight increment due to the absorption of solvent,
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B e n z e n e - Me t h a n ol  Mixture
was plotted against the drying time. As the film dried up, 
the degree of swelling decreased. The weight of the film 
decreased quite a bit at the beginning of the drying period, 
but the rate of decrease slowed down, and finally leveled off 
when the solution had been dried for over a week.
The weight percentage of the solvent absorbed in the 
film after 8 hours of immersion, which should represent the 
degree of swelling of the films at the end of the initiation 
step, was obtained by extrapolating the values of degree of 
swelling measured after varied drying periods back to zero 
drying time. The amount of polymer dissolved during the 
initiation step was obtained by measuring the weight of the 
film which had been dried for over a week and comparing it 
with the original weight of the film. It was found that a 
30:70 bezene-methanol mixture would be the better solvent 
for the CPE 2552. It yielded a relatively high degree of 
swelling (31%) comparing to that of pure methanol (3.8%) 
while the difference in the amount of CPE dissolved was not 
significant (0.54% to 0.31%). A mixture with benzene con­
centration higher than 30% would cause the film to collapse. 
CPE 3614 needed a mixture with lower solvating power, as it 
would collapse in solvent mixtures with benzene concentration 
higher than 10%. Therefore, a 10% Benzene mixture was adopted 
as the initiation solvent for graft synthesis with CPE 3614 
as the backbone.
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The reason CPE 3614 was more soluble in the solvent 
was its high chlorine content structure. The presence of 
chlorine in the polyethylene-like long chain interfered with 
the crystalline structure and hence destroyed the crystallin­
ity of the polymer. It is also understood that polymers with 
higher crystallinity are generally less soluble because extra 
energy is required to overcome the crystallization energy 
barrier before they can be dissolved. Comparing to CPE 2552 
(25% chlorine, 25% residual crystallinity), CPE 3614 has high­
er chlorine content (36%), hence lower residual crystallinity 
(0 - 2%) and is more soluble than CPE 2552 in the solvents.
As expected, the degree of swelling was later proved 
an important factor in achieving a high-yield graft copoly­
merization. With the use of the solvent system selected in 
this study, the average amount of CPE backbone dissolved in 
the initiation solution was later found to be around 3.4%, 
which was reasonable compared to the result of previous work 
(78).
4.1.2. Solubility Study
Solubilities of chlorinated polyethylene and poly­
styrene in various solvent systems form the basis for the 
design of a selective extraction process to remove poly­
styrene homopolymer from the reaction product, as mentioned 
in Chapter III. The solubility study was carried out on
75
several selected solvent systems and the general solubility 
behaviors of CPE 2552, 3614, 4814 and polystyrene in those 
solvents are listed in Table 4-1.
TABLE 4-1: Solubility of CPE and Polystyrene in Various
Solvents at Room Temperature.
CPE CPE CPE
2556 3614 4814 PS
Benzene MS MS S s
Toluene MS S s s
Cyclohexane PS PS PS MS
Acetone SS SS SS MS
CCL4 PS PS MS
Cyclohexanol* SS SS S
Cyclohexane/Acetone SS SS PS S
18:82
S: Soluble PS; Partial Soluble
MS: Most Soluble (% soluble > 80)
SS: Slightly Soluble (% soluble < 20)
* @ 90°C. The temperature of the filter system was controlled 
with a thermo-electric temperature monitor.
Both benzene and tolulene were too strong to yield 
any selectivity as they completely dissolve CPE 4814 and 
polystyrene, while dissolving most of CPE 3614 and CPE 2552. 
Neither cyclohexane nor acetone alone could dissolve poly­
styrene completely at room temperatures and would not be
7b
efficient to.completely remove polystyrene homopolymer from 
the product. CCl^ dissolved partially both CPE and poly­
styrene and it showed little selectivity over these polymers.
Cyclohexanol showed the highest selectivity at elevated 
temperature ( = 90°C) but would not dissolve either CPE or 
polystyrene at room temperature. At 90®C, polystyrene was 
completely dissolved whereas only 1.3% of CPE 3614 was dis­
solved. However, this solvent system had several disadvan­
tages :
(1) the separation required high temperature operation. 
Although the pressure filter could be kept at 90°C 
with a temperature monitor, it took quite long for 
the filter temperature to stabilize. Therefore, the 
experiment was inconvenient to conduct;
(2) the low vapor pressure of cyclohexanol (normal 
B. P. ~ 162®C) made drying difficult;
(3) such a high temperature operation caused the CPE 
to degrade.
A mixture of cyclohexane and acetone showed the best 
over-all performance. This solvent mixture completely dis­
solved polystyrene but dissolved only less than 131 of CPE 
at room temperature. The composition of the mixture was 
determined according to the solubility diagrams (Figure 4-2,3). 
Figure 4-2 and 4-3 clearly showed for both CPE 3614 and 2552 
that the maximum separation efficiency would be achieved with
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the use of an 18% cyclohexane mixture.
It was also noticed that the solubility of CPE 3614 
showed a maximum at a cyclohexane concentration of 40%. This 
fact suggested that the solubility parameter of CPE 5614 
might be approximated by properly combining the solubility 
parameters of acetone and cyclohexane.
Kumar and Prausnitz (79) discussed the multidimensional 
nature of the solubility parameter, and predicted the solu­
bility parameters of solvent mixtures. In their calculation, 
the parameter of each dimension was considered nearly additive, 
e.g., for the fractional polarity dimension,
^p,mixture ~  ̂Oi^pi (4-1)
volume fraction and the polarity parameter of the i^^ compon­
ent in the mixture. Hansen (80) proposed a three-dimensional 
approach for the solubility parameters which suggested that 
the solubility parameter is a vector sum of contributions due 
to dispersion, polarity, and hydrogen bonding components and 
the following relation exists:
62 = 6^2 + 6p2 + 6^2 (4-2)
where 6̂ , 6p, 6h are the disperson, polarity, and
hydrogen bonding parameter respectively. With the use of 
Hansen's approach, the solubility parameter of the cyclohexane- 
acetone mixture could be estimated by the equation
^1-2^ = (Z + (̂  4»iGpi)2 + (E <i>i<Shi)2 (4-3)
which gives 6i_2 = 8.64;
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where 6 i_2 is the solubility parameter of the mixture; com­
ponent 1 = cyclohexane; component 2 = acetone; values of 
5d ' <5 p, 6h for each pure solvent are ( 74 )
6dl = 8.18, 6 pi = 0, 6hi = 0
d̂2 ~ 7.58, = 5.1, = 3.4
It was also noticed that the above calculated S value
was close to that of toluene ( g = 8.91 ), which had shown
the strongest solvating power for CPE in the solubility study. 
According to the above discussion, the solubility parameter 
of an amorphous chlorinated polyethylene is estimated to fall 
between 8.3 and 9.0. This value lies between that of poly­
ethylene and polyvinyl chloride (see Table 4-2), and is pretty 
close to the 6 value of polystyrene.
Table 4-2 Solubility parameters of polyethylene, polyvinyl 
chloride and polystyrene (74)
average value range_____
polyethylene 8.05 7.70 - 8.79
polyvinyl chloride 9.75 9.40 - 10.80
polystyrene 9.01 8.60 - 9.70
The fact that the solubility parameters of polystyrene 
and CPE is so close explained why it was so difficult to find 
a solvent system with high selectivity for this polymer pair.
CPE 2552 showed a maximum solubility in 54% cyclohexane 
mixture (figure 4-3) and an estimated solubility parameter of
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about 8.39. This value is more different from the 0 value 
of polystyrene than CPE 3614 therefore a higher separation 
efficiency than with CPE 3614 is expected. As a result of 
lower chlorine content, CPE 2552 behaves more like polyethy­
lene than CPE 3614, exhibiting higher residual crystallinity 
and smaller solubility parameter.
The relations among the structure of CPE, solubility 
parameters, and the solubility behavior can be further dis­
cussed by examining the table below.
Table 4-3 Three-Dimensional Solubility Parameters of CPE and 
Solvents (74).
Solvating 6 6̂ ÔUPower a P
CPE 3614* -- 8.64 7.82 3.06 2.04
CPE 2552* - 8.39 7.90 2.35 1.56
toluene 8.91 8.82 0.70 1.00
benzene 9.05 8.95 0.50 1.00
cyclohexane 8.18 8.18 0 0
acetone 9.77 7.58 5.10 3.40
cyclohexanol §
r-4
10.95 8.50 2.0 6.60
methanol 14.28 7.42 6.0 10.9
* Values of 5̂ , 6p and 6h of CPE 3614 and CPE 2552 were e.
mated from that of the solvent mixtures which were calculated 
from equation 4-3 .
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Generally, the solubility of CPE in a solvent increases 
with smaller A6 value, which is the difference between 6 cpE 
and 6 solvent. The situation for benzene and cyclohexane 
is a little vague as benzene showed a better solvating power 
than cyclohexane while possessing a slightly larger A6 value 
for CPE 2552. This phenomenum may be explained in terms of 
three-dimensional solubility parameters. The three-dimensional 
solubility parameter approach requires small enough difference 
in each of the three components parameters in order to have 
a polymer soluble in a solvent. That means it is the summa­
tion of |A6dl, |A6p|, and | A6^ | , not a6 that determine 
the solubility of polymer in solvent. With this criteria, 
the higher solubility of CPE 2552 in benzene than cyclohexane 
is reasonable. Cyclohexane is more compatible with CPE 2552 
in the sense of dispersion behavior, but this effect is masked 
by the larger polar and hydrogen bonding force between benzene 
and CPE 2552. It is also possible that the slightly smaller 
A 6 value for cyclohexane that appears in Table 4-3 was due 
to the 6 values adopted, which may be subjected to some error 
as the solubility parameter of CPE was determined from the 
value of the solvent mixture whereas the g value of the sol­
vents cited in the Table was obtained by other methods.
The presence of chlorine atoms in CPE might result in 
some polar and hydrogen bonding forces and affect the solubil­
ity of CPE in solvents of different polar nature. Thus CPE 2552,
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having lower chlorine content than CPE 3614, possesses lower 
6p and and should be more soluble in less polar or 
hydrogen bonding dominated solvent if the crystallinity effect 
is disregarded.
4.1.3. Isolation of Styrene Homopolymer
It was also necessary to know the number of extractions 
required to completely remove the styrene homopolymer once 
the solvent system had been decided. In order to know how 
many extractions would be enough to remove all the polystyrene 
monomer, a graft product was subjected to consecutive extrac­
tions. The results of extractions are given in Table 4-4.
About 49.7% of the mass was extracted in the first extraction 
while amount extracted in the second and third extraction was 
only 2.6 and 0.07%. It was observed that what was extracted 
in the second and third extractions was a viscous, waxy material 
instead of solid polymer. This suggested that the excess 
extraction removed some low molecular weight polymer instead 
of polystyrene homopolymer. A simulated extraction was also 
made on a physical mixture of CPE and polystyrene, and the 
insoluble phase after the first extraction was characterized 
by IR spectroscopy (Fig. 4-4). No peak characteristic of 
polystyrene appeared in the spectrum. This indicated one 
single extraction should be efficient to remove the polysty­
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•Extraction solvent: 18-82 cyclohexane-acetone mixture; Ex­
traction procedure: powder sample was swollen in solvent
mixture at room temperature for 1 day, then the solution was 
boiled for 1 hour. Solution was allowed to cool down gradually. 
Setting time - 1 day. Filter used: Whatman Quantitative filter
paper #50, hardened.
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polystyrene homopolymer came from the solubility of CPE 2552- 
polystyrene mixtures in the 18/82 eyclohexare-acetone solvent. 
(Fig. 4-5). After extraction, the weight fraction of the 
mixture that remained undissolved showed a linear relation 
with the composition of the mixture and the straight line 
passed through the point corresponding to the solubility of 
pure CPE 2552. This observation suggested that the solubility 
behavior of each component in the mixture did not change due 
to the presence of the other component. It could hence be 
inferred that the styrene homopolymer would be completely 
soluble as it behaved in single component solubility study. 
Otherwise, the solubility curve of the mixtures would not be 
linear and would not pass through the point representing the 
solubility of pure CPE 2552. With the above supporting evi­
dence, it was determined that only one single extraction would 
be carried out in the separation of styrene homopolymer.
4.1.4. Isolation of Unreacted CPE
In order to obtain the pure graft, unreacted CPE had 
to be removed from the styrene homopolymer-free product. It 
was considered that the isolation of unreacted CPE should be 
achieved by selective precipitation instead of selective ex­
traction, because 1) it was extremely difficult to find a 
solvent to dissolve CPE without dissolution of the graft copo­
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temperature in order to dissolve the CPE having residual 
crystallinity and thermal degradation of CPE would thus be 
more severe. As for the selective precipitation, it was 
necessary to be able to precipitate ungrafted CPE without 
precipitating out the graft copolymer if this technique was 
to be used. It was assumed that CPE had a lower solubility 
than the graft based on the fact polystyrene was much more 
soluble than CPE in good solvents such as benzene and toluene.
A simple test was carried out to study the solution 
behaviors of both the CPE and polystyrene homopolymer in the 
selective precipitation procedure. The polystyrene homopoly­
mer completely dissolved in the toluene and remained after 
four drops (approximately 0.1 ml) of methanol was added. No 
phase separation was observed after the solution was centri­
fuged. CPE 2552 was also dissolved in hot toluene and was 
precipitated with the addition of methanol. After setting for 
two days at room temperature a good.amount of precipitation 
was observed. The solubility behavior of CPE and polystyrene 
would not reflect the solubility behavior of graft copolymer 
during precipitation. They, however, did represent the two 
extreme conditions which might exist in the precipitation 
process.
4.1.5. Composition Determination by IR
Compositions of all the fractions obtained in the
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separation procedure were determined using infrared technique. 
IR spectra of CPE - polystyrene mixtures of varied composi­
tion were obtained and calibration curves for CPE 2552 - 
polystyrene and CPE 3614 - polystyrene mixtures were construc­
ted using the "internal-standard" (44) method (Fig. 4-6,7).
The peak at 614 cm"l has been assigned as the C-Cl 
stretching mode (81) and the 1605 cm"^ peak as the aromatic 
C=C mode. They are characteristic of CPE and polystyrene 
respectively. According to Lambert-Beer's Law, the relation 
between the relative absorbance of these peaks and the molar 
composition is linear, if the absorption behavior of these 
modes are not affected by the variation in the environment.
The curvatures observed in Fig. 4-5 and 4-6 are results of 
the fact that the charts were based on weight fraction, in­
stead of mole fractions, as well as the environment effect. 
Since the "internal-standard" technique was employed, the 
thickness of the film should not affect the relative intensity 
of the characteristic peaks. However, it was found that the 
thickness of the film did affect the shape of the absorption 
peaks and made it more difficult to interpret the spectra and 
to measure the peak intensity accurately. All the films were 
prepared to have a thickness close to 30 ym..
The intensity of the 614 cm'^ peak was relatively low 
compared to that of the 1605 cm'l peak. When a mixture or 
graft product with high polystyrene concentration was analyzed
90











0  1 0  2 0  3 0  4 0  5 0  6 0  7 0  8 0  9 0  1 0 0
Wt.% Polystyrene

















0 20 30 40 100Û 60 70
% POLYSTYRENE
cn
F i g u r e  4-7: Ca l i b r a t i o n  C u r v e  f o r  CPE3 6 1 4 - P o l y s t y r e n e  M i x t u r e
the 614 cm"l peak was usually too weak to be measured accurately. 
Besides, there is a very weak peak due to styrene at the wave 
number of 625 cm'l. This peak was usually too weak to be 
seen, but it became observable when the CPE concentration was 
low ( <10%). In this case, this peak interfered with the 614 
cm'l peak and made the determination of 614 cm”  ̂peak intensity 
even difficult. This feature had caused the difficulty in 
composition determination of the extracted fraction, which 
was styrene homopolymer-rich.
When these calibration curves were used to determine 
the composition of the graft copolymer, it was assumed that 
the bulk absorption behavior of the molecular vibrational 
modes would not change significantly after grafting. Molecular 
vibrations near the grafting sites might have been affected 
by the attached long chain, but the effect would be insigni­
ficant as the concentration of the grafting sites was very 
low, compared with the number of monomeric units in a high 
polymer. This assumption is supported by NMR study of a graft 
copolymer. It was found that the resonance curves and the 
relaxation times of the styrene in the graft were the same 
as that of the pure styrene (7). Thus, after the intensities 
of characteristic peaks were measured, the composition could 
be directly read off the calibration chart.
The experimental error anticipated in the construction 
of the IR calibration curves was assessed by repeating the
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determining procedures for three of the data points on the curve, 
Percentage deviation of 0.6%, 0.6% and 0.1% were found for 
these three data points, which showed an average deviation of 
0.43%. The reproducibility of these procedures was considered 
satisfactory.
4.2 Graft Synthesis and Purification
Graft copolymerizations via chemical initiator were 
carried out under varied reaction conditions. Several reac­
tion variables were considered important, and their effect 
on the grafting were studied. These reaction variables were 
type of the initiator and its dose, initiation time, type of 
backbone polymer, reaction temperatures, reaction time, mono­
mer concentration, and swelling time. A set of notations 
are defined to represent the reaction conditions and are listed 
in Table 4-5. Synthesis was also made using irradiation tech­
nique. The irradiation-induced graft copolymerization was 
carried out under three different conditions. Two samples 
were copolymerized under vacuum, with an irradiation and 
copolymerized with the presence of air and a dose of 0.4
The results of the graft copolymerizations were analyzed 
in terras of the yield, graft efficiency and % degree of 
grafting. These terras are defined in this work as follows:
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Table 4-5: Definition of the Notations of Reaction Variables
A initiator BZ2O2 BZ2O2 BZ2O2 AIBN
dose (phr) 2 1 3 2
B initiation 8 4 12 6
time (hr)
C chlorine % in
CPE 25 36 48
D reaction ,
temperature C 60 40 70
E reaction
time (hr) 28 16 48
F monomer-MeOH
ratio 70/30 100/0 50/50 80/20
G swelling
time (hr) 12 0 36
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yield £ weight of styrene polymerized, ^ iQO% 
weight o£ CPe used in reaction
Graft Effenciency (G.E.) m weight of polystyrene in graftweight of styrene polymerized
% Degree of Grafting s weight of polystyrene in graft
weight of CPE used in reaction
The % degree of grafting is simply the product of the 
yield and the graft efficiency.
Yield is an indication of the amount of styrene poly­
merized in the reaction, and this quantity includes both 
styrene in the graft and the undesired styrene homopolymer.
It reflects the conversion achieved in the copolymerization 
but does not directly relate to the amount of graft produced.
A copolymerization may give a very high yield while only small 
amount of graft copolymer is produced.
Graft Efficiency, which is the ratio of the amount of 
desired graft copolymer produced to the undesired by-product, 
the homopolymer, is an important factor in evaluation of a 
graft synthesis. A high graft efficiency, which means low 
degree of contamination in the product, can minimize the puri­
fication effort required.
The degree of grafting indicates the concentration of 
the polystyrene graft in the graft copolymer and is a measure 
of the amount of graft produced. This quantity is directly 
related to the structure of the graft hence, is the most im­
portant parameter in the structure-properties study of graft 
copolymers.
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Yield can be obtained from gravimetric data with simple 
calculation.
However, the true graft efficiency or the degree of 
grafting can not be evaluated unless the graft copolymer is 
completely purified and recovered, and its composition pre­
cisely analyzed. The graft efficiency and degree of grafting 
were calculated in this work according to the result of se­
parations and composition analysis.
Table 4-6 lists the reaction conditions for twenty 
five selected graft synthesis and the yields of those reac­
tions .
Some synthesis experiemnts were repeated and the re­
sults are given below.
Table 4-7: Reproducibility of Synthesis
Reaction Conditions Yield % G.E.I. Degree of Grafting
m r m r %  n  f t  n  W2 n  n(A) MBiCiDiEiFiGi 0.193 O.T?8 ■ JT72---- 3 0 --
( B ) 27 14 0.175 0.156 3.1 2.7
In test (A), a yield of 105^7, G.E.I. of 0.211*0.017,
degree of grafting of 21.6*0.7 were obtained. Test (B) showed 
a yield of 20.5Î6.5, G.E.I. of 0.166Î0.01 and degree of graf­
ting 2.9*0.2. The main source of the experimental error pro­
bably was the produre of evaporating the residual monomer.
Since the evaporation was carried out at about 60°C, post­
polymerization might have happened during the evaporating per­
iod.
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Table 4-6: Reaction Conditions of Graft Copolymerizations
and Their Yields.
Yield Yield(Gravimetric) (IR)
ac-9 A2 B1 Cl D1 El FI G1 87 -
C-10 A3 B1 C2 D1 El F2 G1 461 -
C-11 A1 B1 Cl D1 E3 FI G1 163 150.0
C-16 A1 B3 Cl D1 El FI G1 27 15
C-20 A1 33 Cl D1 El FI G1 14 14
C-21 A1 B2 Cl D1 El FI G1 97 70
G-22 A1 B1 Cl D2 El FI G1 52 43
C-23 A1 B1 Cl D1 El FI G2 67 53
C-24 A1 B1 Cl D1 El F2 G1 333 331
C-2S A1 B1 Cl 01 El FI G1 112 104
C-26 A4 61 Cl 01 El FI G1 67 54
C-27 A1 B1 Cl 01 El F4 G1 115 113
C-31 A3 B1 Cl 01 El FI G1 169 163
C-32 A1 B1 Cl 03 El FI G1 69 52
C-33 A2 B3 Cl 01 El FI G3 20 20
C-34 A1 B4 Cl 01 El FI G3 250 250
C-37 A1 B1 Cl 01 El FI G1 98 89
C-38 A1 B1 Cl 01 E3 FI G1 174 163
C-39 A1 B3 Cl 01 El FI G3 95 87
C-40 A1 B4 Cl 01 El FI G1 360 270
C-42 A1 34 Cl 01 El FI G3 136 133
bR-1 0.4I Mrad,, vacuum 113 -
R-2 0.4 Mrad, atmosphere 88




4,2.1. Extraction - The First Stage of Separation
The purification work was carried out to separate the 
homopolymers from the graft copolymer. The graft products 
were first extracted with the cyclohexane-acetone solvent 
mixture and then went through the methanol-precipitation pro­
cedure as discussed in Chap. III.
In the first stage of separation, essentially all the 
styrene homopolymer was removed from the reaction product 
according to the result of preliminary study. The result 
of the extraction works on selected graft samples is presen­
ted in Table 4-8. However, it was also observed that some 
of the solutions obtained in the extraction process appeared 
milky and the IR spectra of these soluble-phase fractions 
showed tiny, but detectable peak at the wave number of 614 
cm"l. This observation was an indication of the presence of 
graft copolymer in the soluble phase, which meant some graft 
copolymer was dissolved along with the styrene homopolymer.
This problem was inherent since the solubility of chlorinated 
polyethylene and polystyrene was so close that complete sel­
ective extraction seemed impossible.
It has been discussed that unless the solvent used 
for extraction is highly selective over the two polymer se­
quences (good solvent for one chain but a very bad solvent 
for the other), the graft copolymer is likely to be dispersed 
into the extracting solvent, resulting in micelle formation (48)
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Table 4-8: Results of the First Stage Separation
Wt. Fraction Wt. Fraction PS


























However, the best solvent found in the solubility study was 
not highly selective over the CPE and polystyrene (cyclohex­
ane-acetone mixture completely dissolved polystyrene but also 
dissolved 12.4% of CPE), therefore, the dispersion of graft 
copolymer was sometimes inevitable. Consecutive extraction 
using a relative weak solvent acetone was considered the 
alternative way to remove the styrene homopolymer, but this 
effort was also found fruitless. Three consecutive extrac­
tions with acetone did not completely dissolve the styrene 
homopolymer at room temperature.
This defect had led to some difficulty in the evalua­
tion of graft efficiency and degree of grafting.
Since the extraction process has been proved efficient 
to completely remove the styrene homopolymer, any polystyrene 
remained in the extracted reaction product should be in the 
graft. Figure 4-8 shows the spectrum of a CPE 2552-g styrene 
copolymer which has been extracted by the 18% cyclohexane 
solvent for three times. The presence of a strong peak at 
700 cm'l, which is characteristic of styrene, is a proof of 
grafting. Figure 4-9 showed spectra of extracted CPE 2552 
graft product and a extracted CPE-P5 mixture. The 1605 cm'l 
peak, which is due to c=c stretching in benzene ring, is not 
seen in the spectrum of the extracted mixture, but is observed 
in that of the extracted graft product. The fact that a 1605 
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the determination of degree of graft by IR.
One extraction experiment was repeated for four times 
so that the experimental error associated with the extraction 
and pressure filtration procedure could be estimated. One 
graft copolymer product, C-9, was extracted in 18% cyclohexane 
solvent and then separated by pressure filtration for four 
times. The weight fraction of the insoluble phases were found 
to be 0.508, 0.517, 0.503 and 0.492, respectively. These data 
have an average of 0.505 and root-mean-square-deviation (RMSD) 
of 0.010.
4.2.2. Methanol Precipitation of Graft Product - The Second
Stage Separation
Methanol precipitation was carried out on a number of 
graft products and result of selected samples are presented 
in Table 4-9. It was found that the solubility behavior of 
the styrene homopolymer-free graft product varied with the 
reaction conditions and was greatly affected by the presence 
of crosslinking. Thus, it was inadequate to calculate the 
graft efficiency and degree of grafting using the result of 
the second stage separation as the amount precipitated did 
not always indicate the amount of unreacted CPE present.
Several samples which were found to be crosslinked 
during reaction gave large amount of precipitation. The 
crosslinks existing in the graft copolymer made the polymer
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Table 4-9: Results of the Second Stage Separation
Sample No,
Wt. fraction Wt. fraction of PS^ 










































insoluble in the solvent and resulted in the mass precipita­
tion. One sample which had been determined to have high de­
gree of grafting also yield relatively large amount of preci­
pitation, but the polystyrene content in the precipitated 
fraction was also high. It was also observed that the toluene 
solution became turbid after addition of methanol and remained 
a bit cloudy after centrifuging. This phenomenum suggested 
that the reaction efficiency of this graft copolymerization 
was so high that the extracted product was nearly pure graft. 
When methanol was added, fractionation of the graft copolymer 
also occurred according to the concentration of polystyrene in 
the copolymer molecules. The trace amount of unreacted CPE 
precipitated was then emulsified by the graft copolymer and 
the solution became cloudy. Under this condition, separation 
of unreacted CPE from the graft copolymer was impossible and, 
a relatively high polystyrene content in the precipitated 
fraction was therefore obtained. All the other samples of 
chemical initiated graft products showed an average precipi­
tation of 10% and an average polystyrene content of 4.8% in 
the precipitated fractions. This observation indicated that 
the average amount of unreacted CPE might be less than 10% 
of the original CPE involved in the reaction.
A relatively small amount of precipitation was seen 
for the radiation-induced graft samples and the polystyrene 
content in these precipitated materials was relatively higher
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than the chemical initiated copolymerization samples. This 
fact might indicate that the number of active sites created 
in the irradiated samples was higher then that of the chem­
ical initiated samples and the number of unreacted CPE mole­
cules was therefore substantially lower in the irradiated 
samples.
4.2.3 Determination of Graft Efficiency and Degree of Grafting 
Many of the previous works on separation of styrene 
homopolymer from the polyolefin-styrene graft copolymers in­
volved only a simple acetone-extraction of the reaction pro­
duct which, in most cases, is in the form of solid film. The 
values of degree of grafting obtained from such extractions 
were referred as apparent graftings and could be considerably 
different from the true values. The true grafting to apparent 
grafting ratio was found to range from 0.02 - 0.57 (47). The 
separation process described in Chap. Ill was proved by sol­
ubility studies to be efficient to remove the styrene homo- 
polymer, and should also be able to isolate most of the un­
reacted CPE from the graft. This process can therefore be 
considered successful if to obtain a graft copolymer with 
high purity is the only major concern. However, the degrees 
of grafting obtained from the results of these separations 
would be somewhat lower than that of the true values due to 
the elution loss of graft copolymer in the extraction process
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and possibly the incomplete removal of unreacted CPE. Since 
there was inherent error associated with the graft efficiency
obtained according to the separation results in this work,
this quantity was considered only a graft efficiency index.
Further discussion on the effect of reaction variables are 
in terms of this index. The calculations of yield, graft ef­
ficiency index, and degree of grafting are shown below.
Yield = weight of styrene polymerized % 100%
weight of CPE used in the reaction
=100% x(Wt. of d r ^  reaction product____________
wt. of Cpë used-wt. of cPe lost in initiation
The yield can also be obtained from the composition of reaction
product determined by IR spectroscopy.
Yield = wt- fraction of polystyrene ^ ioo%
wt. fraction of CPE
The graft efficiency index (G.E.I.) and the degree of graf­
ting were calculated based on the compositions of purified 
graft copolymers determined by IR and the result of separa­
tions. G.E.I. is an estimate of the graft efficiency which 
has been defined as the ratio of weight of polystyrene in 
graft to weight of styrene polymerized, and is calculated as 
follows.
G.E.I. = A(D/C) from extraction result
= BD(i-E)/C from two-stage separation result
Degree of grafting
% Degree of Grafting = weight of polystyrene in graft ^ ioO%
weight of CPE used in reaction
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A 100% from extraction result
X 100% from two-stage separation result1-B
where A = weight fraction of polystyrene in the insoluble 
phase of first-stage separation (extraction), 
determined by IR.
B = weight fraction of polystyrene in the soluble 
phase of the second separation (precipitation), 
determined by IR.
C = weight fraction of polystyrene in the reaction 
product (from IR)
D = weight fraction of insoluble phase in the first 
stage separation.
E = weight fraction of insoluble phase in the second 
stage separation.
The calculated yield, graft efficiency index, and de­
gree of grafting of selected copolymerizations are listed in 
Table 4-10. It should be noticed that both the graft effi­
ciency index and the degree of grafting reported here are some­
what lower than their true values.
The graft efficiency and degree of grafting could also 
be calculated using only the separation data, if no graft 
copolymer were "dissolved" away in the extraction, or if some­
how, the amount of the graft copolymer eluted could be known. 
Nevertheless, some graft copolymer did elute away during the 
extraction, and it was difficult to measure the amount eluted
109
TABLE 4-10
(5.2.1. AND DEGREE OF GRAFTING OBTAINED FROM IR ANALYSIS
SynthesisNumber Reaction Conditions G.E.I. Degree of Grafting, %
C - 9 ^2®l‘̂l°l^l^l‘̂l 0.161* - 17.0® -
C - 16 ^l®3‘̂l°l%^l'^l 0.175 - 3.1 -
C - 20 0.156 0.108^ 3.7 4.9b
C - 21 ^1®2°1°1%^1^1 0.204 0.200 17.4 22.0
C - 22 ^l®l^l°2%^l‘̂l 0.203 0.189 10.0 19.2
C - 23 ^l®l°l°l^l^l‘̂2 0.174 0.169 11.1 11.7
C - 24 AiBiCiDiEj^FgGi 0.657 - 203.0 -
C - 25 ^l®l'^l°l®l^l‘'l 0.193 0.157 22.2 21.8
C - 26 ^4®l^l°l®l^l‘̂l 0.075 0.101 5.3 7.5
C - 27 , ^l®l‘̂l°1^1^4°l 0.278 0.304 30.6 71.5
C - 31 0.320 0.318 49.3 66.7
C -32 ^l^l°l°3^1^l‘̂l 0.215 0.190 ■ 13.0 20.5
C - 33 2̂̂ 3'̂ l°l̂ l̂ l''3 0.205 0.181 4.7 6.0
C - 34 ^l®4^1^1^1^l''3 0.835 0.739 194.1 270.4
C - 37 ^1®1^1°1^^1^1 0.228 0.223 20.9 29.0
C - 38 ^l®l‘̂l°1^3^l‘̂l 0.180 0.168 32.0 49.9
C - 39 A^B^C^ ̂ ^1 ̂1 ̂̂3 0.189 0.064 19.1 96.1
C - 40 ^1^4^1^1^1^1^3 0.288 0.347 78.6 185.7
G - 41 ^1®4^1^1^1^1^1 0.121 0.143 15.7 20.5
C - 42 ^l®4‘̂l°l̂ l̂ l''l 0.319 0.379 29.7 51.5
R - 1 0.4 Mrad, Vacuum 0.371 0.362 46.6 47.1
R - 2 0.4 Mrad, Air 0.378 0,359 40.9 40.9
R - : 0.6 Mrad, Vacuum 0.427 0.412 56.3 57.5
a: 
b :
data in this column were obtained from the result of one-stage separation, 
data in this column were obtained from the result of two-stage separation
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within good accuracy. The CPE concentration in the extracted 
phase was usually so low that it was very difficult to iden­
tify on the IR spectra, and the polystyrene content deter­
mined from the spectra would be associated with larger error. 
With this measurement error involved and without knowing the 
composition of the graft which dissolved away in extraction, 
any calculation of graft efficiency based only on the gravi­
metric data would be unreliable.
In later discussion of the effects of reaction varia­
bles, graft efficiency index and degree of grafting calculated 
according to the composition of the extracted product, which 
are relatively reliable, will be used.
4.3. Effects of Reaction Conditions - Radiation Grafting
4.3.1. Effect of Radiation Dose
Two graft copolymer samples, R-1 and R-3, were prepared
by irradiation under vacuum using doses of 0.4 and 0.6 Mrad, 
respectively. The yields, graft efficiency indice, and de­
grees of grafting of these samples have been shown in Table 4-6
and 4-10. Sample R-3 showed higher yield, graft efficiency 
and degree of grafting than R-1. No crosslinking phenomenum 
has been observed as both these samples completely dissolved 
in hot toluene.
The higher graft efficiency and higher degree of graf­
ting of R-3 indicated that the longer exposure to radiation
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had created more available free radicals for initiation of 
grafting than for homopolymerization of styrene. This implied 
a higher G-value for CPE than styrene. It has been reported 
that the G-value for styrene monomer is approximately 0.69 
and that for polyethylene approximately 6.0 to 8.0 (16).
These G-values for styrene and polyethylene suggest that the 
simultaneous homopolymerization of styrene should be highly 
unlikely in direct-irradiation grafting of polyethylene-g- 
styrene copolymer. Polyvinyl chloride also has a relative 
high G-value, 10-15, compared with styrene (26). Since CPE 
used in this synthesis was prepared by random chlorination 
of high density polyethylene and has lower chlorine content 
than PVC, it seems likely that CPE has a G-value in between 
that of HOPE and PVC. If so, the grafting should be the pre­
dominant reaction during irradiation, and the higher graft 
efficiency obtained from higher-dose radiation grafting is 
expected.
However, it should be noticed that the G-values reported 
for styrene, polyethylene and PVC were determined independent­
ly and may not predict the actual number of free radicals pro­
duced in the backbone polymer when irradiated with the pre­
sence of styrene monomer, due to the possible "protective 
effect" of styrene.
Locke (1) prepared polyethylene-g-styrene copolymer 
using the same direct-irradiation technique and observed
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crosslinking when a dose higher than 2 Mrad was applied.
The fact that no crosslinking was observed in the CPE-g-sty- 
rene samples exposed to doses up to 0.6 Mrad suggests that 
the G-value of CPE should not be much larger than polyethy­
lene. A G-value smaller than 20 is expected for CPE 2552.
4.3.2. Effect of the Presence of Oxygen
Oxygen in air, an effective free radical scavenger, 
will react with the free radicals to form peroxides during 
irradiation and therefore reduce the number of free radicals 
available for grafting initiation (26) . These peroxides may 
decompose thermally to produce free radicals for initiation 
if the irradiated sample is later heated up to the decomposi­
tion temperature of the peroxide. One graft sample, R-2, was 
prepared by irradiation under ambient atmosphere at a dose 
of 0.4 Mrad. The yield, graft, efficiency and degree of 
grafting of this sample can be compared with that of R-1, 
prepared under the same conditions except in the absence of 
oxygen. Sample R-2 showed a lower yield, lower degree of 
grafting, but a comparable graft efficiency (Table 4-4,8).
The reason for the lower yield and degree of grafting may be 
that some of the peroxides formed during irradiation have not 
been effective in the initiation of grafting. Generally, the 
rate of grafting is affected by several factors: 1) the num­
ber of active sites available; 2) the concentration of monomer
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in the CPE crumb; 3) rate of termination. The second and 
third factor relate to the ease of diffusion of monomers and 
propagating active polymeric chains, and is affected by the 
morphology and the viscosity of the swelling CPE crumbs. In 
this radiation grafting work, the type of CPE used and the 
CPE : styrene ratio is the same for all the radiation samples 
Styrene monomer had been well mixed with the CPE crumbs be­
fore being sealed in the reaction tubes so that the degree 
of swelling of the CPE crumbs could be considered invariant 
for all the radiation samples. Thus, the morphology, the 
viscosity of the CPE crumbs, and the monomer concentration 
should make no difference in the grafting rates of the dif­
ferent samples. The only determining factor was the first 
one, which is related to the initiation mechanism.
Free radicals can survive longer in a highly crystal­
line polymeric material because the free radiais are less 
mobile in the crystalline region. Therefore the chance for 
two free radicals to recombine and become deactivated is 
smaller. Free radical initiation is thus the main initiation 
mechanism for the grafting of crystalline polymers at room 
temperature such as HDPE. If so, the degree of grafting of 
the produced-under-vaccum sample, R-1, should be much higher 
than that of R-2. However, the crystallinity of CPE 2552 is 
substantially lower than HDPE and the larger amorphous area 
makes the peroxide initiation more important. In the
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amorphous region, the deactivation of free radicals is more 
probable and the initiation efficiency is lower than in cry­
stalline region. Nevertheless, if some of the free radicals 
which may become deactivated can react with oxygen in air to 
form peroxides, which may initiate the grafting upon heating, 
the ability to initiate of those free radicals is preserved. 
This accounted for the fact that the degree of grafting of the 
sample prepared by irradiation under vaccum was not much high­
er than that by irradiation - under atmosphere - as would hap­
pen to polyethylene-g-styrene copolymers.
The peroxides formed in the sample R-2 might have not 
all been consumed for initiation during the heat-drying per­
iod. Besides, the monomer concentration was decreasing during 
drying of the product and the growth of the graft chains were 
limited. This probably was the reason for the lower yield 
and degree of grafting obtained from sample R-2.
4.4 Effect of Reaction Conditions - Chemical Grafting
4.4.1 Effect of the Type and Amount of Initiator
Two initiators, benzoyl peroxide and AIBN, were used 
in the chemical initiated copolymerizations. The result of 
four synthesis, carried out under identical conditions except 
the use of different initiators, is listed in Table 4-11.
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Amount, phr 1 2 3 2
Yield, % 87 112 169 67
G.E.I. 0.16 0.19 0.32 0.08
Degree of 
Grafting, % 17.0 22.2 49.3 5.3
The yield and degree of grafting increases as the concentra­
tion of benzoyl peroxide increases.
As expected, higher concentration of benzoyl peroxide 
in the initiation solution provided greater driving force for 
the diffusion of benzoyl peroxide into the swollen CPE films 
and faciliated the creation of free radicals in the backbone 
matrix. This increase in the number of free radicals inside 
the film should result in higher grafting rate and yield, un­
less crosslinking has taken place.
Notice that the graft efficiency index also increased 
with increasing amount of initiator. This phenomenum is not 
fully understood at this point, but may be explained in terms 
of the fraction of the free radicals involved in activating 
the backbone polymer. After initiation of the CPE films, 
some of the free radicals produced and remained in the films 
reacted with the backbone molecules by chain transfer mechan­
ism to form active sites on the backbone molecules which led 
to the grafting of styrene to the CPE backbone. But a portion
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of the free radicals inside or on the surface of the films 
might have not been involved in the initiation of the graft­
ing. They might have become inactive or have led to the homo­
polymerization of styrene after the initiated films were 
immersed in the monomer. The number of these radicals which 
were not involved in the grafting would not be proportional 
to the total number of free radicals in the CPE films, unless 
the distribution of free radicals inside the films and on 
the surface of the films were the same. It seems more like­
ly that the free radicals on or near the surface of the films 
would be easier to become inactive in grafting since they 
were exposed to the environment. During the transfering of 
the films from initiation reactor to the polymerization re­
actor, the surface of the films was exposed to the atmosphere, 
though temporarily, and some of the radicals on the surface 
might have reacted with oxygen to form peroxides on the sur­
face of the films. Besides, some of the unreacted radicals 
on or near the surface might have been "dissolved" away into 
the monomer solution and led to homopolymerization. If a 
large number of initiator molecules have diffused into the 
films and created free radicals for initiation, the effect 
of the unreacted free radicals on or near the surface would 
be relatively insignificant. But this effect would cause 
significant decrease in the number fraction of the grafting- 
active radicals if the total number of free radicals in the
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films was small. In this case, the graft efficiency of the 
synthesis using higher concentration of initiator should be 
higher. With the same dose, AIBN showed a much lower initia­
ting ability than benzoyl peroxide as can be seen from the 
degrees of grafting and graft efficiency indice listed in Table 
4-11. The inability of AIBN to initiate graft copolymeriza­
tion was attributed to the inferior capacity of the resonance 
stabilized 2-cyano-2-propyl radicals, (CH3)2'C-(CN), relative 
to benzoyl, CgHgCOO* , to engage in hydrogen abstraction reac­
tions (13,26). This should be the main reason for the low 
graft efficiency and low degree of grafting obtained from 
AIBN-initiated graft product.
4.4.2. Effect of Swelling Time
Some of the CPE films had been swollen in the initia­
tion solution at room temperature before the solution was 
heated up. The pre-swelling has proved to be important in 
initiation of grafting, as can be seen from the data listed 
below.
Table 4-12: Effect of Swelling Time
Swelling Time,
hours 0 12 36
Yield, % 67 112 250
G.E.I. 0.174 0.193 0.835
Degree of Grafting, 11.1 22.2 194.1
118
It is easily seen that the yield, degree of grafting, 
and graft efficiency all increases with the increasing swell­
ing time. The synthesis in which pre-swelling was not performed 
gave very low yield and graft efficiency while the one using 
highly swollen films gave very high yield and graft efficiency. 
The effect of the pre-swelling is on the degree of swelling 
of the films, which affects the diffusion of initiator and the 
monomer solution into the films. A high degree of swelling 
faciliates the diffusion of initiator and monomer into the 
films and helps to achieve more homogeneous grafting. The 
synthesis without pre-swelling probably had a large fraction 
of free radicals present near the surface of the films which 
was not involved in the grafting reaction and led to poor 
graft efficiency as discussed in the previous section.
The effect of pre-swelling was also observed in copo­
lymerizations involving crosslinking. In several of the graft 
copolymerizations crosslinking was observed due to the high 
temperature or long time of initiation as will be discussed 
later. Even with the presence of crosslinks in the initiated 
films, the reaction which involving longer period of pre-swel­
ling still showed substantially higher yield and degree of 
grafting (Table 4-13).
Table 4-13: Effect of Swelling on Crosslinked Films*
Swelling Time, hours 12 36
Yield % 14 95
G.E.I. 0.156 0.189
Degree of Grafting, % 3.7 19.1
*both samples were prepared using a iniation time of 12 hours 
and had crosslinking observed.
The crosslinking reaction consumed the active sites 
available for grafting reaction and led to relative poor 
yield and degree of grafting. The films subjected to longer 
pre-swelling contained more peroxide molecules and had higher 
number of free radicals formed during initiation. The higher 
concentration of free radicals or the higher number of active 
molecular chains would faciliate the crosslinking reaction, 
but due to the larger total number of radicals present the 
number of remaining radicals available for grafting might 
still be higher. This might be the reason why the more-swol­
len CPE films gave better yield and degree of grafting.
4.4.3 Effect of Initiation Time
The effect of varying initiation time on the degree 
of grafting and graft efficiency is illustrated in Figure 
4-10. The degree of grafting and yield increases with increas­
ing initiation time until an initiation time of six hours has 
been reached. As initiation time continues to increase, both 
yield and degree of grafting decline. It is relatively easy 
to explain the increase in degree of grafting when a longer 
period of initiation was carried out. The longer initiation 
time should have helped to achieve more complete decomposition 
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Figure 4-10: Effect of Initiation Time on G.E.I. and 
Degree of Grafting
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activated, therefore to increase the grafting rate. The slight 
drop in degree of grafting as initiation time increased from 
six to eight hours and the very low degree of grafting when 
using an initiation time of twelve hours were unexpected and 
were later determined to be the result of crosslinking. As 
initiation time became longer and longer, the active sites 
created continually increased.
When the concentration of active sites was very high, 
the crosslinking reaction became significant. The crosslink­
ing reaction destroyed active sites which would have led to 
further grafting and therefore reduced the yield of graft 
copolymer.
Crosslinking was observed in several synthesis using 
an initiation time of twelve hours and all these synthesis 
were associated with poor yield and degree of grafting. The 
CTOSslinking was detected by examining the solubility behavior 
of the graft products. All these products prepared through 
twelve hours of initiation were not completely soluble in good 
solvent such as toluene, even the solution was heated up with 
agitation to boil. Small particles suspending in the solution 
were always observed for these products. This observation 
accounted for the very low yield and degree of grafting ob­
tained.
It seems that an inversion exists between the initia­
tion time of six and eight hours. When the initiation period
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was shorter than six hours the increasing initiation time 
enhanced the grafting rate but the crosslinking effect became 
dominant as the initiation time further increased.
The fact that the graft efficiency had the same trend 
as the degree of grafting might also be related to the number 
of fraction of free radicals involved in grafting as discussed 
in Section 4.4.1. The crosslinking reaction taking place 
inside the films lowered the number of free radicals avail­
able for grafting while those which did not tend to initiate 
the grafting probably were less affected by the crosslinking.
4.4.4. Effect of Reaction Temperature
The effect of reaction temperature on grafting is a 
combination of the effects on initiation and on the polymeri­
zation. Generally, the higher temperature tends to enhance 
the rate constant of both initiation and propagation reactions 
and monotomically increasing grafting rate is expected. How­
ever, the result obtained from graft copolymerizations under 
three different reaction temperatures again showed a maximum 
in the degree of grafting and yield. (Table 4-14).
Table 4-14: Effect of Reaction Temperature
Reaction Temperature, °c 40 60 70
Yield, % 52 112 69
G.E.I. 0.203 0.193 0.215
Degree of Grafting, % 10.0 22.2 13.0
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The degree of grafting and yield showed a maximum at 
a reaction temperature of 60°c while no significant difference 
in graft efficiency was observed. The reason for this obser­
vation on degree of grafting is similar to that for the effect 
of initiation time on grafting. Higher temperature and lon­
ger initiation time both would increase the grafting rate and 
both could lead to crosslinking of activated molecules. The 
temperature of reaction usually tends to enhance the cross- 
linking rate exponentially and a temperature rise from 60° 
to 70° could be very significant in the rate of formation 
of crosslinks. The degree of grafting data suggested that 
crosslinking might have taken place during initiation at the 
reaction temperature of 70° . This statement was confirmed 
by the solubility experiment as undissolvable particles in 
hot toluene solution was observed.
4.4.5. Effect of Polymerization Time
Only two different polymerization time periods were 
studied in this work and the result of these reactions is 
shown below.
Table 4-15: Effect of Polymerization Time
Polymerization Time,
hours 28 48
Yield, % 112 169
G.E.I. 0.193 0.180
Degree of Grafting 22.2 32.0
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Longer polymerization time, 48 hours, resulted in higher yield 
and degree of grafting because higher conversion and degree 
of polymerization were achieved. However, the prolonged 
poly-merization seemed not beneficial to the graft efficiency 
as a slight decrease in the graft efficiency index was ob­
served when the polymerization time increased to 48 hours.
The difference was not significant enough to make any conclu­
sion on the effect of polymerization time on the graft effi­
ciency.
Kennedy (35, 36) and Riess (27) both reported low 
graft efficiency from synthesis associated with high conver­
sion. This phenomenum was explained as a result of increasing 
relative importance of chain transfer to monomer to the rate 
of graft initiation and chain growth of graft. At the ini­
tial stage of their polymerization works, new initiating sites 
were being created along the backbone with time, and therefore 
the grafting rate kept increasing as time elapsed. However, 
as the conversion became higher, the potential active sites 
had been gradually used and the increase in grafting rate 
declined. Up to certain degree of polymerization, chain 
transfer to monomer became relatively important and the graft 
efficiency began to decrease. This explanation may not be 
adequate for the CPE-g-styrene copolymerization in this study 
since, unlike their polymerization procedure in which initia­
tion and propagation took place in the same reactor, the
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initiation of CPE was accomplished in a separate reactor.
In this copolymerization, the polymerization time or the con­
version is not expected to have significant effect on the 
graft efficiency.
4.4.6. Effect of Methanol Concentration in the Monomer
Solution
The presence of methanol in the monomer solution has 
been reported to have significant effect on the grafting rate 
by several authors (17-19). The presence of methanol was 
considered to haVe limited the mobility of growing graft chains 
and led to the "Trommsdorf Effect" in the synthesis of poly- 
thylene-g-styrene copolymer. However, this phenomenum was 
not observed in this work. Graft copolymerizations using mon­
omer solutions of varied methanol content indicated a mono- 
tonically increasing degree of grafting with lower methanol 
content (Figure 4-11). The fact that no Trommsdorf Effect 
was observed might be due to the more amorphous nature of 
CPE than polyethylene. It might be possible that the much 
more amophous CPE films had been so swelled that even the 
presence of methanol would not affect the viscosity of the 
bulk film significantly. Both Machi (7) and Odian (9) have 
found that the methanol content of the sorbed solution inside 
PE films was quite low ( < 8%) even when the methanol concen­
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Figure 4-11 : Effect of Methanol Content in Monomer Solution
127
If the solubility of styrene-methanol mixture in CPE is not 
very different from that in polyethylene, which is likely, 
the methanol content in the swollen CPE films is also expec­
ted to be low. If so, the amount of methanol absorbed should 
not be able to cause significant increase of the viscosity 
of the reaction media, the films, by diluting the styrene 
concentration. Thus, the effect of the presence of methanol 
was to dilute the styrene, which would lead to lower grafting 
rate and lower degree of grafting.
4.4.7. Effect of- Type of CPE on Grafting
Graft copolymerization using different types of CPE 
were carried out by Angaji (83). CPE films with 25%, 36% 
and 48% of chlorine content were used as the backbone mater­
ial. The results of his work is summarized below.
Table 4-16: Effect of the Type of CPE Backbone*
CPE Type 2552 3614 4814
Yield % 82 138 324
G.E.I. 0.436 0.349 0.537
Degree of Grafting 43.8 64.7 195.6
*Above data were estimated from the fractionation result 
obtained by Angaji.
It appears that the increasing chlorine content in the 
CPE backbone would faciliate the grafting substantially. This 
observation seems reasonable because CPE with higher chlorine
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content has lower crystallinity and is easier to swell. This 
nature would have benefit the diffusion of initiator in the 
initiation step and the diffusion of monomer in the propaga­
tion step, therefore have led to higher yield and degree of 
grafting.
4.4.8. Evaluation of the Chemical Initiated Graft Copolymer­
ization
The above discussion suggests that under different 
reaction conditions, the amount of graft produced by chem­
ical initiated graft copolymerization may vary substantially. 
With adequate arrangement of the reaction variables, high 
graft efficiency and high degree of grafting can be achieved.
A combination of suitable initiation time and temperature, 
a well swollen backbone material, and high initiator concen­
tration may result in high degree of grafting ( =195%) and 
high graft efficiency (0.84). This high graft efficiency 
was obtained from a copolymerization which was carried out 
under the following reaction conditions: preswelling time --
36 hours; initiator - 3 phr of benzoyl peroxide; initiation 
time and temperature - 6 hours at 60° ; monomer to methanol 
ratio - 70:30; polymerization time - 28 hours. The high graft 
efficiency achieved by chemical-initiation may be attributed 
to the pre-initiation technique, which eliminated simultan­
eous initiation of homopolymerization. With the use of this
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technique and proper reaction conditions, the highest graft 
efficiency achievable from chemical grafting is substantially 
higher than that from radiation-induced grafting (0.37 - 0.43), 
within the range of this study.
Neither dehydrochlorination nor decomposition has been 
found significant in the initiation of CPE backbone, as will 
be discussed in the following sections. Crosslinking during 
initiation can be avoided by properly selecting the initia­
tion conditions.
4.4.9 Check for Dehydrochlorination by IR
IR spectroscopy was also employed to determine whether 
dehydrochlorination of CPE had occurred during chemical graft­
ing reaction and processing. CPE 2552 samples experienced 
various treatments such as heating, extraction, molding and 
grinding were compared with the CPE sample as received in 
terms of chlorine content. IR spectra of samples containing 
70% CPE and 30% PS were taken and the relative intensity of 
the 614 cm"l band and 1605 cm'l band measured. The chlorine 
content of these samples was determined from the calibration 
curve and are presented in Table 4-17. The three standard 
mixtures containing 70% untreated CPE were determined to 
have an average CPE content of 68.7% by IR. The sample 2552 
B, which had been extracted in benzene-methanol mixture at 
60° for eight hours, was determined to have 68% of CPE by
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TABLE 4-17
CHANGE IN CHLORINE CONTENT OF CPE 2552 DURING PROCESSING
CPE in the Description %605 CPE foCPE-PS Mixture ^6l4 ^1605
2552 - 1 CPE 2552 as received 0.5956 69.5
2552 - 2 ft 0.6175 68.0
2552 - 3 II 0.6091 68.5
2552 EC CPE 2552 extracted by cyclohexane-acetone 
mixture
0.6523 65.0
2552 EPC CPE 2552 molded and ground into powder form 
+ cyclohexane-acetone extraction (insoluble 
phase)
0.6763 63.0
2552 B CPE 2552 extracted by benzene-methanol mixture 0.6174 68.0
2552 EP CPE 2552 molded and ground into powder form 
+ cyclohexane-acetone extraction (both insoluble 
and soluble phase)
0.6292 67.0
IR which is only slightly lower than that of the control.
This result indicates that the dehydrochlorination in the 
chemical initiation was not significant. The sample 2552 EP, 
which had been molded into films, ground into powders and la­
ter extracted by cyclohexane-acetone solvent mixture, was 
determined to contain 67% of CPE. Since this value is only 
1.7% lower than that of the control, the decrease in the con­
centration of C-Cl group due to above treatment seems not 
very severe. Sample 2552 EP and sample 2552 EPC, which were 
made of the insoluble phases of extracted CPE 2552 and pow­
dered/extracted CPE 2552, showed somewhat lower CPE content, 
65% and 63% respectively. These lower values of CPE content 
seem to be due to the fractionation of CPE in the extraction 
process. CPE molecules containing more c-Cl group were easier 
to be extracted by the cyclohexane-acetone mixture and led 
to a relatively low CPE content in the insoluble phase. The 
reason for the three standard 70% CPE 2552 mixtures to show 
only 68.7% of CPE 2552 from IR quantitative analysis might 
be dehydrochlorination during casting the films for IR analy­
sis from hot toluene solution. The compositions determined 
by IR analysis for these three standard mixtures gave an es­
timate of the possible experimental error associated with the 
mixture preparing and composition determination procedure. 




IR and Laser-Raman spectroscopy, dilute solution vis­
cosity measurement, and DSC were employed to characterize 
the structure and composition of the CPE-g-styrene copolymer.
4.5.1. IR and Laser-Raman Spectroscopy
Both IR and Laser-Raman spectroscopy have been employed 
to characterize the structure of the graft copolymers. Spec­
tra of CPE homopolymers and styrene homopolymer were also 
obtained and were compared with that of the graft copolymer. 
Figure 4-12 shows a portion of the spectra of CPE 3614 and 
CPE 2552 which have been used as the backbone polymer in the 
graft copolymerization. The doublet structure observed for 
CPE 2552 at 730-720 cm"^ region is the well-known crystal 
splitting caused by the in-phase (CH2)n rock vibration (84), 
and is an indication of the residual crystallinity of CPE 
2552. CPE 3614 showed only one in-phase CH2 chain rock band 
at 724 cm'l instead of two bands and 720 cm’  ̂and is considered 
totally amorphous. This observation was in accordance with 
the reported crystallinity of CPE 3614, 0-2 percent. A split­
ting was also observed for CPE 2552 in the neighborhood of 
1470 cm'l, which is the region of CK2 bending band. Both 
CPE 2552 and 3614 did not show an absorption band at 1605 
cm-1, where polystyrene showed a benzene-ring stretching band. 
This was why the 1605 cm’  ̂band was selected as the charac­
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Figure 4-12: Spectra of CPE 2552 (̂ ) and CPE 3614 (b)
Figure 4-13 shows the spectrum of CPE 2552 from 340 
cm'l to 1640 cm"l. Since the spectrum was obtained using a 
2 X standard slit width and a relatively slow scanning rate,
20 cm'l per minute, the fine structure in the region of 
340-420 cm"l was resolved. It was the low frequency region 
which received the most attention in the study of the struc­
ture of the graft copolymer since the frequency of the vibra­
tional mode associated with a grafting site was expected to 
be low due to the attachment of a heavy graft at the grafting 
site. Figure 4-14 gives details of the low-frequency absorp­
tions of CPE 2552 and polystyrene. It was hoped that evidence 
of structural changes due to grafting could be detected by 
IR. However, no conclusions could be inferred from the spec­
tra of the CPE-g-styrene copolymers in this study.
Curve (a) in Figure 4-15 is a portion of a typical 
spectrum of CPE 2552-g-styrene copolymer. It appears to be 
merely a superposition of the spectra of CPE 2552 and poly­
styrene. A graft copolymer of higher degree of grafting only 
changes the relative intensity of the characteristic peaks 
(Figure 4-15(b)). It is possible that the intensity of any 
band characteristic of the grafting site, if such a band ex­
ists, is simply too weak to be observed with the present 
signal-to-noise ratio. The reason for the weakness of the 
band intensity may be the low concentration of the grafting 
site in the molecule of graft copolymer. Battaerd and
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Figure 4-13: Spectrum of CPE 2552 ( scanning speed: 20 cm-I/min.^ slit width:
2 X STANDARD, PERIOD : 2 SEC. )
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Figure 4-15: Spectra of CPE-j Polystyrene Copolymers (a) Degree of Grafting = 18%
(b) Degree of Grafting = 52%
Tregear (26) also found out that graft copolymers of the heter­
ogeneous type, with grafted chain of comparable length with 
the backbone, showed IR spectra which seem to be additive for 
the homopolymers. However, several other authors did claim 
to have detected structual change due to grafting by IR (49,
85, 86). Despite the fact that conventional IR transmission 
spectroscopy was not able to detect signs of grafting of 
styrene to the CPE backbone, it is still possible to detect 
the grafting by using other special technique, such as Fourier 
transform spectroscopy, which can yield a much higher signal- 
to-noise ratio.
Attempts were also made to detect structual change 
due to grafting from laser-Raman spectra. This task was 
difficult due to interference of fluorescence and some prob­
lems in preparation of CPE-containing samples. A high-power 
laser beam could not be used for CPE-containing samples since 
the laser beam would "burn” the CPE sample. With this limi­
tation, characteristic Raman scattering was very difficult 
to detect as the background of a CPE spectrum was tremendously 
high. The tremendously high background observed in "Stokes" 
Raman spectra was considered to be due to the fluorescence 
radiation. The fluorescence problem was later solved by 
observing the anti-Stokes Shifts instead of the Stokes shifts. 
A very nice Raman spectrum of CPE 2552 was obtained by obser­
vation of the anti-Stokes scattering (Figure 4-16). Although
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Figure 4 - 1 6 :  Laser-Raman Spectrum of CPE 2552, Anti-Stoke Lines,
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anti-Stokes lines usually have smaller intensity than Stokes 
lines due to lower thermal population of molecules in excited 
state, the Raman bands were clearly observed in the anti- 
Stokes spectrum at a 2K scale. At the same 2k scale, the 
Stokes lines were masked by the fluorescence background even 
though they might have higher absolute intensity. This ob­
servation suggests that the energy of the scattered photons 
in Stokes scattering may be close to that of the fluorescence 
radiation, but the photons involved in anti-Stokes scattering 
possess substantially higher energy than that of the fluor­
escence, therefore, the anti-Stokes lines are interfered with 
less fluorenscence.
An anti-Stoke Raman spectrum of the low frequency re­
gion was obtained for one CPE 2552-g-styrene copolymer (Fig­
ure 4-17) and was compared with that of pure CPE 2552. The 
Raman bands observed in the spectrum of the graft copolymer 
were all found in the pure CPE spectrum but the band inten­
sity of the graft copolymer was substantially lower. The 
lower intensity probably was due to the lower concentration 
of CPE in the copolymer. The fact that no new band was ob­
served in the spectra of the copolymer might be due to the 
low concentration of grafting site in the copolymer molecule, 
but it is also possible that the vibrational mode associated 




60 120 240 300 360180
Wave Number (cm“l)
Figure 4-17: Laser-Raman Spectra of CPE 2552 (a) and
CPE-9-POLYSTYRENE CoPQLYMER (b), ANTI-SlOKESr 
(a) 2 1< SCALE.; (b) 20 K SCALE.
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4.5.2. Dilute-Solution Viscosity
Dilute-solution viscosity of CPE, polystyrene and 
graft copolymers were measured and results are listed in 
Table 4-18. These results have provided useful informations 
about the performance of the chemical grafting and the rela­
tionship between the dilute solution viscosity and the mole­
cular size.
4.5.2.1. Check for Decomposition of CPE Molecules During 
Chemical Initiation 
Experiment No. 2 and No. 3 compared the intrinsic vis­
cosity of initiated CPE 2552 with that of the CPE 2552 as 
received. Since for polymers of simple geometric shape the 
intrinsic viscosity is a measure of the molecular weight, the 
intrinsic viscosities of initiated and not-initiated CPE will 
show the effect of initiation on the molecular weight of CPE 
molecules. If decomposition occurred during initiation, the 
average molecular weight of CPE should have decreased. How­
ever, the CPE sample which had been swelled in benzene-meth- 
anol mixture at 60° for eight hours showed a slightly higher 
intrinsic viscosity, instead showing a decrease in (n) value. 
This observation suggests that no significant decomposition 
due to initiation is detectable, at least by dilute solution 
viscosity measurement. The slight increase in (nJ value 
for the initiated CPE sample may be due to experiment error 
or slight crosslinking during initiation.
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TABLE 4-18





?8p (f) degree of grafting %
1 Toluene 1.961 - - —
2 CPE 2552 3.047 0.^54 0.959 -
3 CPE 2552 initiated 3.130 0.596 1.022 -
4 Polystyrene, synthesized 2.462 0.255 0.476 -
5 Styrene homopolymer, extracted 2.607 0.329 0.602
-
6 CPE 2552-PS 
mixture (1:1) 2.997 0.528 0.920 -
7 C - 42 3.780 0.928 1.473 (136)*
8 C - 42 CS 4.120 1.101 1.683 52
9 C - 11 CS 3.821 0.948 1.498 18
10 C - 41 CS 3.867 0.972 1.528 21
11 C - 40 CS 4.743 1.419 2.031 186
12 C - 34 CS 5.446 1.777 2.373 208
* yield data
4.5.2.2. Molecular Weight of the Extracted Styrene Homopolymer 
Intrinsic visosities of polystyrene synthesized in this 
laboratory and styrene homopolymer extracted from one graft 
product were obtained (Expt. No. 4 and 5, Table 4-18). Since 
the synthesized polystyrene has been used in the solubility 
study to predict the solubility behavior of styrene homopoly­
mer, it is important to know if the solubility of the synthe­
sized polystyrene is close to that of the homopolymer formed 
during copolymerization. Since the solubility of polymer is 
molecular-weight dependent, it is desired to obtain infor­
mation about the molecular weight of these two homopolymers. 
Dilute solution viscosity data provide information on mole­
cular weight and can be used to calculate the molecular weight 
if the Mark-Houwink constants are available. The intrinsic 
viscosity of the extracted homopolymer was found to be higher 
(0.602) than that of the synthesized one (0.476).
The reason for the higher (nl value obtained for the extrac­
ted homopolystyrene is not very clear at present. Chen and 
Friedlander (20) reported that the styrene homopolymer ex­
tracted had significantly higher molecular weight than that of 
the homopolymer formed in the solution bath during polymeri­
zation. They attributed this phenomenum to the Trommsdorf 
Effect taking place in the much more viscous medium, the PE 
film. However, in this study Trommsdorf effect has been found 
not to be so pronounced as in the case of grafting styrene
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to polyethylene and may not be the main reason for the higher 
(n) value, obtained for the extracted homopolymer. It is pos­
sible that the extracted homopolystyrene sample might still 
contain small amount of graft copolymer which would have caused 
the higher intrinsic viscosity. With this reasoning, the 
difference in intrinsic viscosity may not indicate significant 
difference between the molecular weight of the homopolystyrene 
formed during grafting and that prepared in simulating poly­
merization. This point of view is supported by the fact tliat 
excessive extractions by the cyclohexane-acetone solvent mix­
ture, which was designed according to the solubility study 
using the synthesized polystyrene, extracted only wax-like, 
low molecular-weight polymeric material instead of significant 
amount of polystyrene.
4.5.2.3. Relationship between Intrinsic Viscosity and Degree 
of Grafting
In experiment No. 7 and 8, intrinsic viscosity was de­
termined for a purified graft product, C-42CS , and a not- 
purified product, C-42. The purified product showed a higher 
[n 3 value than the product not purified. This observation 
is expected since the homopolymer in C-42 would have 
relatively smaller molecular size than the graft copolymer.
The cn) values of CPE polystyrene, and mixture of these homo­
polymers are all substantially lower than that of the graft
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copolymers.
From the results of experiment No. 8 to No. 12, the 
value of intrinsic viscosity seems to increase with increas­
ing degree of grafting. The relation was not strictly linear 
as reported for the grafting using anoinic technique (31), 
but was understandable. The intrinsic viscosity, a measure 
of the drag force exists in the movement of the fluid, is 
related to the molecular size of the graft copolymer. The 
molecular size is further related to the geometric shape of 
the molecule. Thus, graft copolymers with the same degree of 
grafting may have different molecular sizes as the number of 
graft chains and the length of the graft chains may not be the 
same. Since graft copolymerizations initiated by free radi­
cal mechanism are generally more difficult to control and 
the samples were randomly selected, it is probable for the 
products obtained in this work to possess geometric shape 
with less regularity. This may be the explaination for not 
seeing a linear relationship between (n) and degree of graft­
ing.
The measurement of the intrinsic viscosity of poly­
styrene in toluene has been repeated at different date. The 
effux time t varied only from 1.600 to 1.603 minutes, a de­
viation of 0.18%.
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4.5.3. Differential Scanning Calorimetry
Thermograms of CPE homopolymers and CPE-g-styrene 
graft copolymers were obtained by using a DSC II calorimetry. 
Figure 18 shows thermograms of CPE 4814 and 2552. CPE 2552 
showed a sharp melting peak at 113° with the melting started 
at about 98° while CPE 4814 showed no melting transition. 
This observation is consistent with the result of IR spectro­
scopy and the crystallinities reported by Dow Chemical Com­
pany. CPE 4814 showed a significant base-line shift which 
started at about -10° while CPE 2552 also showed a base-line 
shift at -29° , These base-line shifts are considered to be 
the glass transition for CPE 4814 and 2552. That fact that 
CPE 2552 showed a lower glass transition temperature seems 
reasonable as CPE 2552 is more like polyethylene than CPE 
4814 and is more flexible.
Figure 4-19 shows thermograms of a CPE 2552-g-styrene 
copolymer and a CPE 4814-g-styrene copolymer. The CPE 2552- 
g-styrene copolymer also showed a melting transition which 
started at about 95° and had a peak at about 109° , which is 
slightly lower than that of CPE 2552. It appears that the 
grafting of styrene has depressed the onset of melting transi­
tion. This might be due to the interference effect of the 
polystyrene graft on the crystalline portion of CPE 2552.
The glass transition of this graft copolymer was too weak 
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Figure 4-19: Thermograms of (a) CPE2552-9-Styrene Copolymer 
(b) CPE4814-9-STYRENE CoPOLYMER
concentration was diluted by the presence of the polystyrene 
graft. The melting peak was more broad than that of the 
pure CPE 2552. The broadening of the melting peak might be 
due to the overlapping of the polystyrene glass transition 
and the CPE melting in the region of 90° to 100° . The CPE- 
g-styrene copolymer showed a "hump” in the region of 85 to 
105° which did not appear in the thermogram of CPE 4814.
This structure may be due to the glass transition of poly­
styrene. The glass transition of CPE 4814 was not seen in 
the thermogram of the copolymer probably because the concen­
tration of CPE in the copolymer was too low.
The crystallinities of the graft copolymers were deter­
mined from the DSC data by Angaji (83) and were utilized in 
an effort to determine the degree of grafting of the copoly­
mers. He found that the crystallinity of a graft copolymer 
was lower than that of a corresponding mixture of homopoly­
mers. He also found that the magnitude of the crystallinity 
change due to grafting generally increased with increasing 
degree of grafting. It seems evident that the presence of 
the styrene long chain branches did destroy a portion of the 
residual crystallinity of CPE 2552. According to his results, 
the relationship between the percentage decrease in crystallin­
ity due to grafting and the degree of grafting seems only to 
be a qualitative one. As discussed before, the degree of 
grafting depends on the number of grafts present in the
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copolymer as well as the chain length of the grafts. The 
crystallinity of the copolymer probably is also dependent of 
the graft number and vary graft length, but in a different 
manner. Unless the graft number and graft length can be deter­
mined, it will be difficult to understand the quantitative 
relation between the crystallinity drop and the degree of 
grafting of the copolymer.
4.6. Modification of Incompatible Polyblends
The feasibility of utilizing CPE-g-styrene copolymer 
to modify the physical properties of incompatible polyblends 
was examined by DSC, microscopy, impact test and dynamic 
mechanical testings.
4.6.1. Differential Scanning Calorimetry
Figure 20 shows the thermograms of modified and un­
modified PVC-PS polyblends. Not much information was obtained 
from these thermograms, however. The PVC-PS blend showed a 
"hump" in the region of 75 to 105° and a relative weak struc­
ture adjacent to the hump. With the addition of a CPE 4814- 
g-styrene copolymer, the shape of the curve changed and only 
one glass transition starting at about 105° was observed.
This may be a sign of interaction of the graft copolymer with 
the homopolymer components but since the transitions were 
all weak this effect is not very clear.
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Figure 4-20; Thermograms of (a) Unmodified PVC-PS Blendj (b) PVC-PS Blend 
Modified by CPE4814-9-STYRENE Copolymer.
Figure 21 shows the thermograms graft copolymer modified 
PE-PVC-PS polyblend and the unmodified one. The PE-PVC-PS 
polyblend had a melting peak at 110° which started at about 
95° . This peak overlapped with a broad hump starting at 
about 60° . The polyblend modified with the CPE 2552-g-styrene 
copolymer showed a thermogram which was nearly an superposi­
tion of the graft copolymer and the unmodified blend except 
the hump became even broad and more flat. The melting peak 
seems to be a hybrid of the CPE and PE melting peak and was 
not resolved. The peak temperature was about 109° , only 
slightly lower than that of the unmodified blend. Since PVC 
and polystyrene only showed glass transition on the DSC ther­
mogram, which is less intensive than the melting transition, 
the interaction between the graft copolymer and the homopoly­
mer mixture was not clearly seen. No conclusion may be made 
on the modification effect of the graft copolymer.
4.6.2. Microscopy
Photomicrographs for unmodified blends and graft copo­
lymer modified blends are shown in Figure 4-22 and 4-23.
Figure 4-22 shows the photographs of modified and unmodified 
PVC-PS blends. The unmodified PVC-PS blend has relatively 
large domain size compared to those modified blends. It was 
difficult to identify the component in the continuous and 
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Figure 4-21: Thermograms of (a) PE-PVC-PS Terblend and (b) PE-PVC-PS Blend






(c) ( d )
Figure 4-22: Photomicrographs of Unmodified and Graft 
MODIFIED PVC-PS Blends (a) Unmodified 
(b) CPE2552-9-STYRENE (c) CPE3614-9-STYRENE 
(d) CPE4314-9-Styrene Modified.
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became smaller and more uniform with the addition of graft 
copolymer. The domain boundaries also became less clear with 
the addition of the graft copolymer. This may be an evidence 
of the interphase-modification effect of the graft copolymer.
It appears that a graft copolymer with a backbone con­
taining more chlorine ability for the PVC-PS blend. The 
average domain size of the graft modified blends follows this 
order: CPE 4814-g-styrene < CPE 3614-g-styrene < CPE 2552-
g-styrene, The reason for the higher modification ability of 
CPE 4814-g-styrene may be its high chlorine content which re­
sulted in higher affinity toward the PVC phase.
In Figure 4-23 are microphotographs of CPE 2552-g- 
styrene copolymer modified PE-PVC-PS blend. The phase boun­
daries in the PE-PVC-PS microphotograph was quite clear but 
became much less clear in the graft modified blends. The do­
main size of both the dispersed and continuous phases reduced 
with the addition of graft copolymer. Furthermore, the domain 
size seems to depend on the degree of grafting of the copoly­
mer, which determines the relative concentration of the three 
components in the copolymer. When the degree of grafting of 
the copolymer increased from 22% to 50% the domain sizes 
dwindled significantly.
This effect was not so significant when the degree of 
grafting increased to 194%. It seems that phase inversion 
may have happened as the degree of grafting changed from 50%
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Figure 4-23: Photomicrographs of Unmodified and CPE2552 
-g-SiYRENE Copolymer Modified PE-PVC-PS 
Blends (a) Unmodified (b) 22% PS Grafted 
(c) 50% PS Grafted (a) 194% PS Grafted
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to 194%. In all cases, the modification effect of graft 
copolymer was evident.
4.6.3. Dynamic Mechanical Properties
The results of the dynamic mechanical results for CPE 
2552 and graft-modified polymer blends are given in Figures 
4-24, 25 and 26 as plots of the storage modulus, E', loss 
modulus, E", and tan 5 as functions of temperature. All data 
were obtained at a test frequency of 110 Hz.
The storage moduli of CPE 2552 at -150° , 25° and 
150° were found to be 1.2x10^®, 1.2x10^, and 5.6x10^ dynes/cm^ 
respectively. At -150° , which is below the glass transition 
temperature, the CPE 2552 was in glassy state therefore the 
modulus was high. At 25° , which is higher than Tg of CPE 
2552, the polymer became rubbery and showed a lower storage 
modulus. At higher temperature, 50° , the modulus dropped 
even more. The loss modulus and tanô both show a broad tran­
sition in the region of -100 to -120° which is probably due 
to the Y— transition of the polyethylene-like segment in the 
CPE. The large peaks in the loss modulus and tan 5 are con­
sidered as an indication of glass transition. The loss modu­
lus showed a peak at -12° while the tan 6 curve peaked up 
at 21° . The assignment of the glass transition temperature 
is difficult due to the difference between the peak tempera­
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Figure 4-25: Dynamic Mechanical Behavior of Graft Modified 
PVC-PS Polyblends.
 •— PVC-PS UNMODIFIED
-... —  MODIFIED BY CPE4814-9-STYRENE
------  MODIFIED BY CPE3614-9-STYRENE
« 8- «■ MODIFIED BY CPE2552-9-STYRENE
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Figure 4-26: Dynamic Mechanical Behavior of Graft Modified 
PE-PVC-PS Polvblends.
-... -  PE-PVC-PS UNMODIFIED
  MODIFIED BY CPE2552-9-STYRENE,
DEGREE OF GRAFTING 194%
  MODIFIED BY CPE2552-9-STYRENE,
DEGREE OF GRAFTING 22%
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are higher than that obtained from DSC (-29® ). This kind of 
discrepancy is not unusual as great variation in glass trans­
ition temperatures obtained using different method of testing 
has frequently been observed. The characterization of the 
CPE 2552 dynamical mechanical behavior of CPE 2552 helps us 
understand the behavior of polyblends modified by graft copo­
lymers containing CPE 2552 as backbone.
Figure 4-25 showed the storage and loss moduli of 
PVC-PS blend and PVC-PS blends modified by various graft 
copolymers. At -150° the PVC-PS blend had the lowest storage 
modulus, approximately 10^® dynes/cm^, but this value did not 
decrease with the increasing temperature over a very wide 
temperature range. Those graft-copolymer-modified blends 
showed a drop in modulus at relative lower temperature than 
the PVC-PS blend. This earlier modulus change was due to the 
presence of CPE in the blends which has a much lower glass 
transition temperature than either of the homopolymers in the 
blend. It was observed that the CPE 4814-graft-blend had the 
modulus change at a higher temperature than the CPE 3614- 
graft-blend and the CPE 2552-g-graft blend. This seems to 
be due to the higher glass transition temperature of CPE 4814 
than that of CPE 3614 and 2552, which has been confirmed by 
the DSC result of this study and the dynamic mechanical test­
ing result obtained by Lock (43). Two strong peaks appeared 
on the loss modulus curve of the PVC-PS blend. A relatively
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weak modulus change occurred in the region of 75 - 100° .
This is the range where glass transitions of polystyrene and 
polyvinyl chloride occur. The transitions of the two strong 
peaks are not understood but the peak at about -45° has 
also been observed by Locke (43) in the study of polyvinyl 
chloride. The peaks at about -100° observed from the loss 
modulus curves of the modified blends were due to the y —  
transition of the polyethylene-like portion in the CPE. It 
is very meaningful to observe only one peak on the E" curve 
of each of the modified blends in the region of -60° to 40° 
where two peaks were observed for the PVC-PS blend. The addi­
tion of a graft copolymer have caused significant peak shift 
which is a sign of interaction between the CPE-g-styrene 
copolymers and the homopolymers. The peaks at -5° observed 
from the E" curve of the modified blends seems to be charac­
teristic of the Y — transition of polyethylene-like portion in 
CPE. The intensity of these peaks follows this order: CPE
3614-graft blend > CPE 2552-graft blend > CPE 4814-graft 
blend. Since these peaks are considered to be due to the 
polyethylene-like segment in CPE it was expected to see a 
stronger peak from the CPE containing less chlorine. The 
fact that CPE 2552-graft blend showed a stronger peak than 
the CPE 4814-graft blend is reasonable but the unexpected 
high intensity of the peak due to CPE 3614 needs other ex­
planations. The extraordinarily high intensity of the -5°
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peak of CPE 3614-graft blend may be explained by its relatively 
high concentration of CPE due to its relatively low degree 
of grafting. This CPE 3614-g-styrene copolymer had a degree 
of grafting of 65%, comparing to 194% for the CPE 2552-g- 
styrene and 196% for the CPE 4814-g-styrene copolymer.
It was also interesting to see a weak structure at 
about -45° on the E" curve of the CPE 2552-graft blend but 
not on the other two E" curves. The appearance of this struc­
ture seems to indicate that the interaction between the graft 
copolymer and homopolymer was not sufficient to cause enough 
peak shift which would allow the peaks to mingle completely. 
This phenomenum suggests that the modification effect of CPE 
2552-g-styrene is weaker than CPE 3614 and CPE 4814 graft 
copolymers for the PVC-PS system. This is understandable since 
CPE containing higher chlorine is more like the polyvinyl 
chloride and therefore has stronger interaction with the PVC 
phase in the blend. The peaks observed in the region of 60 
to 90° seem to be hybrids of the PVC and PS glass transitions.
Figure 26 shows the storage and loss modulus of PE-PVC- 
PS blend and CPE 2552-g-styrene modified PE-PVC-PS blends.
The PE-PVC-PS blend showed a relatively low storage modulus 
(lO^O dynes/cm^) at -150° and showed substantial drop in E' 
at around -50° . The addition of CPE 2552-g-styrene graft 
copolymer stiffened the blend a bit and led to relatively 
moderate change in E' at slightly higher temperature. The
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presence of low density polyethylene dominated the shape of 
the E', E" and tan 6 curves of the PE-PVC-PS blend. A sharp 
peak at -120® , on both E" and tan 6 curves, which should be 
the Y — transition of polyethylene, was observed while the 
transitions due to PVC and PS were too weak to be noticed.
The addition of the graft copolymer led to significant change* 
in the shape of the E" and tan 6 curves. The y — transition 
was still observed at -120° , but the transitions possibly 
due to PVC and polystyrene became more pronounced. This phen­
omenum probably was due to decrease of the concentration of 
polyethylene in the blend because of dilution. The CPE tran­
sition was still observed but had shifted to a lower temper­
ature ( --14° ). The intensity of this peak on E” curve still 
was dependent on the degree of grafting. The blend modified 
by graft copolymer C-25, which had a degree of grafting of 
22%, showed a higher intensity than the one modified by copo­
lymer C-34, having a degree of grafting of 194%. Since the E" 
and tan 6 curves of the PE-PVC-PS blend were so lacking in 
structure, to interprète the effect of modification was dif­
ficult. No definite conclusion on phase interaction can be 
made for the case of PE-PVC-PS system. However, the inter­
action between the graft copolymer and the PVC-PS blend was 
so pronounced that the ability of this graft copolymer to 
modify the incompactible polyblend seems certain. The result 
of the microscopic work together with the observation of
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dynamic mechanical behaviors provided evidence of modifica­
tion effect of the CPE-g-styrene copolymer.
4.6.4. Impact Strength
Table 4-19 lists the impact strength data of PVC-PS 
blend and graft-modified PVC-PS blends obtained according to 
ASTM standard method D 256-73.
Table 4-19: Impact Strength Data of Unmodified and Graft-
Modified PVC-PS Blends
Impact Strength Impact Strength
256-73 per Unit Area
Blend Composition (ft.-lbs/in.) (ft.-lbs/in.)
PVC/PS 1.32 3.16
(1:1)
CPE 3614-g-styrene/PVC/PS 1.95 4.75
(1:1:1)
CPE 2552-g-styrene/PVC/PS 2.32 5.54(1:1:1)
The impact strength of PVC-PS blend was very poor. With the 
addition of graft copolymer the impact strength increased for 
48 to 75%. The blend modified by CPE 2552-g-styrene copoly­
mer showed a higher impact strength than that modified by 
CPE 3614-g-styrene. This may be due to the more flexible 
nature of CPE 2552 segment instead of due to higher modifica­
tion ability of the CPE 2552-g-styrene graft, since CPE 3614- 
g-styrene copolymer should be more compatible with the PVC 
phase of the blend.
For lack of material, only one sample for each of the
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blends was tested. As the impact strength test is subjected 
to relatively great error and usually requires at least five 
samples be tested, the data shown above probably are not the 
absolute values of impact strength. However, this experiment 
provided information about the relative impact strength of the 
graft-modified blends and the unmodified one. The graft copo­
lymers did cause an increase in impact strength but whether 
this increase was due to the modification effect or simply 
the contribution of the more flexible CPE component in the 
graft is not clear at this time. This experiment served as 





The major conclusions drawn from the study of synthesis, 
purification, characterization and blend modification are 
itemized below.
1) CPE-g-styrene copolymers were synthesized by chem­
ical-initiated grafting and radiation-induced grafting, and 
the grafting of styrene has been proved by solubility study 
and IR result.
2) Both the chemical-initiated and the radiation-in­
duced graft copolymerizations gave reaction products contain­
ing homopolystyrene and unreacted CPE. The amount of parent 
homopolymers in the reaction product varies with the reaction 
conditions. With the use of pre-initiation technique and pro­
per reaction conditions, a graft efficiency as high as 0.84 
has been achieved from chemical initiated graft copolymeriza­
tion.
3) The mutual-radiation method yielded graft products 
with graft efficiencies relatively lower than that obtainable 
from the pre-initiated chemical grafting. The grafting was 
initiated by free-radicals and/or peroxides, but the graft
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product obtained under vacuum gave a slightly higher yield 
and degree of grafting than that irradiated under atmosphere. 
The reason the synthesis under vacuum did not yield a substan­
tially higher degree of grafting might be the more amorphous 
nature of the CPE compared to that of high density polyethy­
lene. The yield and degree of grafting increased with the 
use of a higher dosage. No cross linking was observed with 
the dose level used in this study.
4) In chemical initiated graft copolymerizations, the 
degree of grafting and graft efficiency are significantly 
affected by the degree of swelling, initiation time and tem­
perature, concentration of the initiator and monomer. The 
degree of swelling seemed to affect the diffusion of the ini­
tiator and the monomer into the CPE films which would have 
affected the initiation and propagation rate of grafting. The 
Tiommsdorf effect was not observed under the reaction con­
ditions studied in this work. The reason for not seeing this 
effect, which has been observed by many authors in the grafting 
of styrene onto polyethylene, was probably the relatively 
lower crystallinity of CPE which had led to easier swelling 
and therefore lower viscosity of the reaction media, the CPE 
films. Higher initiation temperature and longer initiation 
time increased the rate of grafting unless the initiation time 
and temperature were beyond certain limits. Beyond the li­
miting temperature or time of initiation, cross linking was
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observed and the grafting rate declined. The crosslihking 
destroyed a fraction of the active sites on the backbone 
molecules and led to low yield and degree of grafting. High­
er dosage of initiator and higher monomer concentration were 
found to benefit the grafting and monotomically increase in 
degree of grafting was observed. CPE's with varied chlorine 
content exhited different degree of swelling due to their 
different crystallinity. CPE 4814 was most easily to be 
swelled because of its highest chlorine content and therefore 
led to a high graft yield when being used as the backbone 
in grafting.
5) A selective extraction process was employed and 
found efficient to remove the styrene homopolymer from the 
graft product. A 18/82 cyclohexane-acetone mixture was found 
to be the better solvent for the selective extraction. The 
samples were processed into powder form so that more effi­
cient extraction could be achieved. One single extraction 
was found sufficient to remove the styrene homopolymer accord­
ing to the result of solubility study of CPE-PS mixtures and 
the IR analysis of the extracted graft products. However, 
since the solubility parameters of CPE and polystyrene are 
very close, completely selective extraction was almost un­
achievable and miscelle formations were sometimes observed.
A fraction of the graft copolymer was believed to have eluted 
along with the extracting solution during the pressure filtra­
tion.
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6) The solubility parameter of CPE 3614 was estimated 
from the solubility curve for cyclohexane-acetone mixture.
The solubility parameter was found to be around 8.6, which
is intermediate between that of polyethylene and polyvinyl 
chloride. The solubility parameter, together with the three- 
dimensional parameter approch, well predicted the solubility 
behavior of the polymers in various solvents.
7) A selective precipitation procedure found some 
success in isolating the unreacted CPE from the graft copo­
lymer. This procedure separated the homopolystyrene-free 
product into a graft copolymer-rich and a unreacted CPE-rich 
phase by the difference between the solubility of graft copoly­
mer and the unreacted CPE. This success, however, was limited 
to only a fraction of the graft products synthesized since
the solubility behavior of the graft copolymer was affected 
by the cahin length of the graft and the crosslinking nature of 
graft copolymer. Some of the precipitant-added solution did 
not separate into two phases after centrifuging.
8) The IR quantitative analysis using an "internal 
standard" technique was utilized to determine the composi­
tion of purified graft products and was found to have good 
reproducibility. The composition determined by IR was adopted 
for calculation of the graft efficiency and graft index. Due 
to the inherent problem of this polymer system, solubility 
parameters were too close for the CPE-PS pairs, which led to
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certain extent of co-solution and co-precipitation the graft 
efficiency and degree of grafting obtained may be somewhat 
lower than the true values.
9) The CPE-g-styrene copolymers were characterized 
by IR, laser-Raman Spectroscopy, dilute solution viscosity 
and DSC. The IR spectrum of a graft copolymer was found to 
be a superposition of the spectra of pure CPE and polystyrene 
The laser-Raman spectrum was obtainable only when the Anti- 
Stokes shifts were measured. No new peak or significant peak 
shift due to grafting has been observed.
10) No decomposition of the CPE backbone during the 
initiation has been observed, according to the intrinsic vis­
cosity of the initiated CPE. Also the dehydrochlorination
of CPE during initiation, extraction, molding and grinding 
was found to be not significant according to the measurement 
of c-Cl group concentration in the CPE-PS mixtures by IR.
11) The intrinsic viscosity of graft copolymers in 
toluene was found to increase with increasing degree of graft­
ing. The relationship did not appear to be linear but may
be further understood if the number of grafts can be accurate­
ly measured. The molecular weight of the extracted homopoly­
styrene was found to be somewhat higher than the polystyrene 
synthesized under simulated reaction condition. But the dif­
ference in molecular weight was not so great as reported for 
the grafting of polyethylene-g-styrene copolymer. This
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observation suggests that the Trommsdorf effect was not pro­
nounced in the grafting of CPE-g-styrene.
12) The melting peaks and some glass transitions of 
CPE 2552, CPE 4814, CPE-g-styrene copolymers, and polyblends 
involving polyethylene, polystyrene and polyvinyl chloride 
were characterized from DSC thermograms. But due to the fact 
that transitions other than melting were very weak, no defi­
nite conclusion could be made on the interaction of graft 
copolymer with the incompatible polyblends from DSC result.
13) The photomicrographs of incompatible blends and 
blends modified by graft copolymers showed evidence of inter­
action between graft copolymer and the homopolymers. The 
average domain size of the polyblend decreased significantly 
with the addition of graft copolymer which should be a sign 
of interaction between the graft and the homopolymers. For 
polyvinyl chloride-polystyrene blend, a graft copolymer made 
from a CPE with higher chlorine content showed stronger in­
teraction as the domain size became very fine and more uniform. 
In a PE-PVC-PS blend, adding a CPE 2552-g-styrene copolymer 
with a degree of grafting of 50% gave domains of finer sizes 
than that obtained by adding a graft copolymer with only 22% 
styrene in graft. But adding a graft copolymer with a degree 
of grafting of 194% did not cause significant further domain 
size reduction. A phase conversion seemed to have occurred 
when increase the degree of grafting from 50 to 194%. This
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observation suggests that the overall interaction toward both 
homopolymer phases is dependent upon the relative concentration 
of CPE and polystyrene in the graft material when the compo­
sition of the homopolymer blend is fixed. A maximum modifica­
tion effect may be obtained from a graft copolymer with pro­
per number of grafts and graft length.
14) Evidence of modification due to the addition of 
graft copolymers was also found from the dynamic mechanical 
results. Upon mixing of a graft copolymer to a PVC-PS blend, 
the two peaks characteristic of the PVC-PS mixture seemed to 
have shifted toward each other and have been mixed with the 
3— transition peak due to the polyethylene-like portion in the 
CPE. Only one peak showed up on the E" curve at a temperature 
region between the two peak temperatures of PVC-PS mixtures. 
This type of change is an indication of interaction due to the 
graft and better compatibility among the components in the 
blend. Storage modulus, transition peaks on loss modulus
and tan g curves of CPE 2552 and graft modified PE-PVC-PS 
blends were also identified and discussed.
15) Impact strength of a PVC-PS blend increased 48% 
and 75%, respectively, by the addition of graft copolymers 
made from CPE 3614 and CPE 2552. Whether this increase was 
due to modification of the graft copolymer or was simply a 
result of the presence of CPE in the blend is not clear at 
this point.
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16) The result of microscopic work and dynamic 
mechanical testing showed evidence of the interaction effect 
due to graft copolymer in the polyblend. This interaction 
should result in a better interphase adhesion and therefore 
better mechanical properties. The use of the CPE-g-styrene 
graft copolymer as a modifier for polyblends involving styrene 
and PVC or styrene, PVC and PE appears to be possible, and 
worths further study. In further pursuit of this work, 
more complete characterization of the graft copolymer as well 
as mechanical testings such as stress-strain, adhesion and 
impact strength, will be essential in evaluating the feasi­
bility of engineering application of this graft copolymer.
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